
Proceedings of the
IntesericeReproducedi From

TechicalBest Available Copy

Meeting
00 on:

GUN TUBE EROSION
AND CONTROL

February 25 & 26, 1970

EDITORS

1. A0mad

Watervliet Arsenal
Watervliet, New York

NATIONAL"d iEHNCA 'publ
INFORJMATION SERVICE Idsru -nN--1

SP-i WdV



FOREWORD

The specification of performance characteristics for conventional

weaponry is of considerable interest and concern to the organizations

utilizing such equipment. As might be expected, one of the primary

"considerations is the stipulation of the safe operating-life limits.

In the case of large caliber cannon, modifications in propellant

charges through the addition of wear reducing agents have been largely

responsible for extending weapon life limits to the point where fatigue

considerations became extremely important. however, it has been shown

recently that application of a prestressing fabrication process (auto-

frettage) and use of materials having improved fracture toughness,

results in a large caliber cannon which will again be wear and erosion

limited.

Invariably, for small caliber automatic cannon, life limits depend

almost entirely upon the wear-erosion behavior of the tube. Thus it

would seem likely that any significant advance with respect to useful

cannon tube life will depend largely upon improved techniques for

minimizing tube degradation resulting from thermal, mechanical and

chemical processes taking place at the bore surface during the firing

cycle.

Although erosion of cannon tubes has been recognized as a

serious problem for a long time, no compendium or review of work

( accomplished in this field since the mid-1940's exists. The last

comprehensive review of the subject was published by Oivision I of

the National Defense Research Council in 1946. Therefore, t, provide
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a means by which an updating of information generated during the past

25 years, as well as providing a means for assessing on-going work,

the h atervliet Arsenal organized an inter-service technical meeting

on gun tube erosion and control, which was held at Watervliet, New

York on 25-2b February 1970. The principal aspects of erosion which

were considered during the course of this meeting were

1. Description of eroded bores

2. Influence of erosion on the accuracy and life of gun tubes

3. Erosion vs fatigue in various cannon tubes

4. Erosiveness of propellants

5. Physical chemistry of erosion

6. Metallurgical aspects of erosion

7. Thermal checking - its nature and effects

8. Techniques of studying gun erosion

9. Effect of rotating bands on the tube erosion

10. Erosion resistant coatings

11. New concepts in material applications to gun tubes

12. New concepts in propellants

13. New concepts in tube design

During the course of three technical sessions and one general

session, 20 papers and three prepared discussions were presented.

These papers, and the discussion which took place from the floor, are

included as part of this volume. A bibliography prepared by the

Technical Information Services Office, Benet Laboratories, Watervliet

Arsenal is also included.
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While it is recognized that the information contained in this

volume is merely an updating of the state of the technology, it does

represent a means of reassessment of effort and perhaps, most

importantly, a common base of understanding. It is quite sincerely

hoped that the information contained herein will assist scientists

and engineers in devising better methods for control of gun tube

erosion.

June 1970 Robert E. Weigle
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SMAtkRY

In a two-day, three-session meeting on "Gun Tube Erosion and

Control," held at Watervliet Arsenal, Waterliet, N. Y., (25-26 Feb 70),

Srepresentatives from the Army, Navo Air Force, industry, U.K., and

Canada, reviewed various aspects of the subject including, in parti-

cular, interior ballistics and heat transfer, wear-reducing additives,

erosion-resistant coatings, and use of new materials for gun barrels.

A casual look at the history of research on gun tube erosion will

show that the most active periods ha,.,e cz-incided with major international

conflicts such as the two Worid Wars and the Korean War. Indeed, after

the Korean War, except for the introduction of wear-&.-ucing additives

in 1960 by a Swedish firm, there has been very little advance made in

erosion protection. This observation was fully confirmed at this meet-

ing. The proulems which existed during World War II still exist today,

although they have been aggravated because of an increased demand for

higher muzzle velocity and rate of fire. Also, as a result of some of

the recent work, considerable improvement of fatigue life in some weapon

systems has been achieved which cannot he fully exploited because the

tubes wear out rapidly by erosion and are condemned. Therefore, for

the increase in the service life of gun tubes, erosion protection is of

paramount importance.

With the exception of the United States, R&D activities on erosion

are nearly non-existent in all the countries of the free world. All the

current work reported at this meeting was entirely by the U.S. Groups,

which, as became obvious, was not extPnsive. Picatinny Arsenal,
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Uover, N. J. and the Naval Ordnance Station, Indian Head, Md., are

involved in the development and evaluation of wear-reducing additives.

The Air Force Bass in Eglin, Florida, is supporting half a dosen projects

on the use of refractory coating and tube materials for small arms.

For the protection of large bore cannons, evaluation of various coating

materials and application techniques is being conducted on a very

modest scale at the Waterviiet Arsenal. This total United States RAD

activity is estimated to represent less than a million dollars, which

is quite small when compared with the cos4 of the annual condemnation of

tubes on the basis of erosion.

Erosion is a complex phenomenon resulting from the interaction of

powder gases and the projectile with the surface of the bore. The bore

surface is exposed for a short time to temperatures approaching the

melting point of steel, pressures as high as 50,000 psi and a reactive

atmosphere composed of CO, CC2 , H2 0, H2 , N2 , and numerous other minor

identified and unidentified constituents. .Superimposed on these con-

ditions are the high velocity of the gases and swaging action of the

projectile rotating band. The process is further complicated by the

variation of these conditions along the length of the tube. Complete

comprehension of erosion, therefore, has not been achieved even after

a century's wark. Physical metallurgical and chemical transformtions

caused by heat, pressure, and chemistry of gases, have been partly

understood. Two approaches are taken to explain this phenomena. Some

explain erosion as entirely a heat transfer effect with insignificant

influence of chemical interactions. The others consider the chemical

interaction to be of considerable importance not only in the loss of
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material from the surface, but also in the propagation of fatigue

cracks. However, it appears that when low temperature propellants

are used, chemistry does play an important role in the formation of

various compuunds with low melting point which are easily removed.

* At high temperatures, when the melting point of the steel is

approached, it becomes less significant. What actual chemical or

metallurgical transformations are involved at this temperature are not

known. Most of the suggested mechanisms are based on observations of

the products after the firing which, obviously, have undergone

secondary reactions.

Two main approaches to control erosion have been taken: a) addition

of wear-reducing additives to the propellants; b) aplication of erosion

resistant coatings or liners. The first approech has proven to be very

successful. It involves providing a cooler gaseous layer at the bore

surface by using a sheath of an organic compound such as paraffin wax or

polyurethane, with or without dispersant particles of inorganic com-

pounds such as TiU2 . At Picatinny Arsenal, in search for better wear-

reducing additives, talc, which is a complex hydrated mgnesium

silicate, has been found to be even better than TiO2 . The effectiveness

of an additive has been shown to be, in g8neral, related to its heat

content. Most of the work at Naval Ordnance Station is related to

the use of polyurethane. Improvements comparable to TiO2 -wax have

been achieved. However, all this development of better additives

involved ad hoc methods. Very little effort has been made to under-

stand the mechanim of the wear reducing action.
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The second approach to erosion control has not yet proven fruitful.

Exhaustive work on materials evaluation was conducted in 1941-6 under

the auspices of the National Defense Research Comittee. A number of

materials were found promising: Stellite 21 was found to be an

excellent liner material, but it failed when a double-bass propellant

was used. Me (lCo) was another excellent material for coatings and

liner but the techutology at the time was not advanced enough for its

siuccessful application. Chromium was found to be the best under the

circumstances. It can be easily applied by electroplating and has

excellent erosion-resistant properties. However, it is very brittle

and electroplated chromium has very high built-in stresses that

easily induce crack formation. It has been adopted on a limited scale

in various gun systems; however, not without skepticism. So far, no

solution to the problem of brittleness of chromium has been achieved.

During the last twenty years, some new technologies such as plasm

spray, sputtering, Chemical Vapor Deposition, and metalliding have

been developed and need evaluation. Watervliet Arsenal and Philco Ford

are presently engaged in developing suitable coatings. To date, no

successful coating has been developed.

Rapid fire rate, use of high temperature propellants and thin

walled tubes have brought into focus the fact that gun steel, because

of its low melting point, is not a suitable material for som advanced gun

systems. Therefore, it is necessary to look into the possibility of

using refractory metal alloys with high melting points. Considerable

progress has been made in the development of excellent refractory metal

alloys. Very little data exists on the dynamic response of these
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materials. Consequently, all attempts to design gun barrels from then

are based on their static mechanical properties. Similarly, suitable

fabrication techniques are yet to be developed. Some of the techniques

presently being used or developod include co-extrusion, swaging, shrink

fitting, and explosive lining. Significant improvements in burst length

capability and erosion life, compared to conventional gun steels, were

reported at this meeting. However, these were not completed studies.

As for the actual design of the tube, there appears to be little possi-

bility of reducing erosion by this means. With respect to the projectile,

it was believed that some benefits might be derived by modifying the

material and design of the rotating band to improve obturation. However,

considerably more work must be done to develop satisfactory materials,

and techniques to meet the objectives of high performance weapons.

One of the most beneficial aspects of this meeting was the

identification of the critical areas in the field which require atten-

tion and further investigation. These are outlined as follows:

1. Studies of the mechanism of erosion, preferably using one gun

system, with a view to understanding:

a. Metallurgical transformations.

b. Chemical interactions, including identifications of the

solid and gaseous species involved.

c. Effect of heat and pressure on the two above.

d. Measurement of bore surface temperatures.

e. Stress profiles in the tube walls.

f. Influence of chemical environment on the formation and

propagation of cracks in the tube.
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2. Development of erosion resistant coatings and liners.

a. Development of a standard erosion gauge for the quantita-

tive determination of the erodibility of materials and correlating it

with the number of EFC rounds for standard weapons.

b. Evaluation of the "erodibility" of various metals, alloys,

and intermetallic compounds other than those previously investigated for

gun tube applications.

c. Development and evaluation of techniques of application of

the coatings of promising materials. New techniques such as plasma

spraying, metalliding, sputtering, arc discharge coating, etc., can

be included in this category.

d. Development of standard techniques for the evaluation of

the coatings for adhesion, porosity, and hot hardness, erosion gauge

and actual test firing.

e. Design and development of removable liners, and apply

coating on these liners for erosion protection.

3. Development of wear reducing additives.

a. Studies of the mechanisms involved in the wear reducing

action of the additives, such as TiO2 -was, talc-wax, and TiO2-polyurethane.

b. Based on the above studies, develop improved additives,

with better mechanical strengths and wear reducing action. Preferably

develop additives that can be incorporated in the propellant to

eliminate additional handling.

c. Study the influence of various additives on the CO/CO 2

ratio and select those that will increase this ratio without reducing

the propellant power.
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d. Develop new propellant compositions with high CO/CO2 ratio

and volume to charge ratio.

e. Study the eroding power of such propellants on standard

materials such as gun steel and other promising materials for gun tubes.

4. New Materials.

a. Develop physical and mechanical property data under

dynamic conditions on those materials found promising as a result of

the determination of the erodibility of materials.

b. Develop the design criteria from the data developed in a.

c. Develop techniqu.es to fabricate various barrels from these

materials.

5. Improve the design of ti;e gun system including the barrel,

rotating bands, and devices for quick heat transfer from the bore

surface.

Consideration should also be given to conducting a tri-service

erosion control meeting every two to tl,ree years so-.that a periodic

updating of the state-of-the-technology is guaranteed.

The foregoing observations are madr- with the hope that they may

contribute to not only the establishment ot better communications

between workers in this field but also to the development of a

systematic approach to the effective control of erosion.

IOBAL AMA±•)

JIEAN-PAU L PICARD
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A GENERAL VIEW OF GUN EROSION AND CONTROL

Iqbal Ahmad
Benet RME Laboratories

Physical Chemistry Laboratory
Watervliet Arsenal

Watervliet, haw York

ABSTRACT

Various processes involved in the gun erosion are
briefly reviewed. The progress made during the last
two decades in the control of erosion is also discussed
and some areas have been indicated in which further R&D
efforts should be directed.

INTRODUCTION

Since the invention of the gun, the artillerymen have been haunted

by a dream - an everlasting gun tube with an infinitely safe and effective

life. To realize this, a continuous improvement of the material of

construction of the tube and the propellants has been sought. For example,

guns are now made from specially thermomechanically treated steels instead

of bronze or cast iron. Smokeless propellants of various description have

replaced the old black powder. Side by side there has been an increasing

demand on the enhancement of the capability of a gun. The gun has been,

and is being, required to throw a heavier projectile at a longer distance

at an increased rate of fire and with greater accuracy.

"Oh, the sacred hunger of ambitious minds."

Today's meeting is part of the quest to fulfil the dream of, if not

an everlasting tube, at least one with an increased service life.
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There are two basic factors which limit the safe and effective

life of a gun tube:

1. Fatigue: The mechanical properties of the tube material

deteriorate as a result of thermal and stress cycling set by firing.

After a certain number of cycles, a crack initiates and then propagates

at a certain slow rate followed by an accelerated rate until the tube,

depending upon the properties of the material, fails either by perfor-

ation or catastrophically.

2. Erosion: Defined as the enlargement or damage of the bore

surface as a result of firing, erosion, after a certain point, will

result in loss of accuracy and, therefore, effectiveness of the weapon.

The two factors, to a great deal, are interdependent. However,

in view of the lii:.itations of the scope of this t.ieeting, and space,

only a brief review of the causes and cures of erosion will be made.

Also, as erosion characteristics vary from weapon to weapon and in each

tube from region to region, to cover all the aspects of erosion will

require a cormpendium. Therefore, the subject will be discussed in very

generalized terms and, mostly, erosion at the origin of the rifling will

be discussed.

HISTORICAL BACKGROUND

Systematic studies of erosion date as far back as the end of the

nineteenth century. These have been covered in excellent reviews such

as in References 1, 2, 3, 4, 5, and 6. The most exhaostive and authentic

work was done during World War 11 (1941-1945) under the sponsorship of

Division I of the National Defence Research Committee of the Office of

3 * -1



Scientific Research and Development, Washington, DC. The results were

reported as a summary technical report entitled, "Hypervelocity Guns and

the Control of Gun Erosion." After the war, interest in the subject

slowly waned as is evident from the Proceedings of 1950 (7) and 1952 (8)

symposia on gun barrel erosion organized by the Office, Chief of Ordnance.

In fact, during the last twenty years, only a few publicatl.ons of import

have been made. The major contribution has been the introduction of wear-

reducing additives by a Swedish firm (9) which will be discussed later in

this paper. Since 1952 no major meeting on the subject of erosion was held.

So, today, we are getting together after a long interval of seventeen years.

WHAT IS INVOLVED IN EROSION

Figure 1 illustrates the three major elements involved in the process

of erosion, namely: 1. Gun steel at the bore. 2. Propellant (also the

primer and the igniting powder) which could be a single base or a double

base. 3. Projectile with its rotating band (usually copper). The re-

presentative composition and properties of the presently used gun steel

and composition of representative propellants are also shown. Some of

the standard propellants used in various types of guns, their composition,

and some thermochemical properties are (10) summarized in Table I.

When the gun is fired, the propellant burns and develops a high

temperature (2500-3700 0 K), and a high pressure (20-60,000 psi) due to

the formation of a large volume of gases which propel the projectile and

give it the required muzzle velocity.

00, CO2 , H2 0, H29 and N2 are the major constituents of the powder Sao.

Also present are small amounts of NH 3, CH4 p NO, and H2S (from the primer).

1.1-2



COMPOSITION (W#/%I: MECNANICAL PROPERTIES THERMAL PROPERTIES PHYSICA4L MCTALLURGYC

C M" P 5 N TENSILE STIRENGTH... - -ISO Kst MELT ING. POINT- L-------------- 145e'C TEMPE RED
0ý3? 0.4? 0006 0 01 - YIELD STRENGSTH-....I40-1661<s. LATENT HEAT OF FUSION.....3.6 KCGI/MOLK .MARTENSITE

Si N1 C? Mo V V-NOTCHED CHARPY THERMAL CONDUCTIvITY..... 0.I64 Catif/eff/S~eiC
0.02 3.1? 0455 0.65 0.10 IMPACT STRENGTH. 30 F' /b COEFF OF THERMAL EXPANSION ... I1S x femliemliC

B8ETHLEHEM STEEL USD] ARDNIESS ..... sR
LN175MM UE],3~

GLIM STEEL 4330 (MODIFIED)

OR

BLACK POWDER

POTASSItIUITRATEROTIGAN

PXOPEL"LANT: SINGLE OR DOUBLE GMS

SINGLE VASE D2SLI _UK
FNH- M1 EtH.~j

NC 53.74 77.60 77.45
NG - 19.40 19.50

DM7 9.64 - -

OUTh 4.92 - -

OP1#A 0.49 0,9? -

C3H5OH 0.30 0. 4e 2.3
CH3COCH 3  - 0.46 -

H20 0.69 0.9? 0.70
@*(NO,), + K"0 - 2.15
ETM4YLCENTRALITE - - 0640
ISOGHORIC
TEMPERATURE 2400*K 3300eK 1311rN

Figure 1. Showing Major Elements Involved in the Process of Erosion*



ZI 0

- ------ o0.,

CL 0 C4

4L4

0 00

C4 .4 0 0 C

00 0I* 0

. .. . . . . . . . .

~~- ~ ~ ~ a .~ .0 0 . . . . 4- . .

_____ _____ ___ -
~ - 4ivi

it0

F .43 ~ ~ci



and perhaps a number of unidentifice free radicals, ions, and metastable

molecular species. The amount of CO, CO2, H2 0, and H2 is controlled

essentially by a water gas reaction

002 + H2  co + 110 (1)

the CO/CO2 ratio, in generaL, for the single base powders is higher (2-3)

than that for the double base (approximately i). In other words, the

single base powders are less oxidizing than the double base powders.

Figure 2 shows the variation (11) of temperature, pressure, muzzle

velocity, and the fraction of the propellant burnt as a function of

time, prior to the ejection of the projectile which is indicated as

zero time. It demonstrates that the bore surface for a few milliseconds

is subjected to:

1. Temperatures as high as 2500-3500 0 K.

2. Pressures 20-50,000 psi.

3. Severe chemical reactions of powder gas.

4. Severe mechanical stresses because of 1 and 2, and swaging

action by the accelerating projectile.

5. Sweeping action of gases on the softened or chemically

interacted bore aurface.

6. Improper obturation resulting in high velocity and high

temperature gases streaming past the projectile.

7. Abrasive action of the unburnt powder or loosened gas-metal

reaction products.

8. Combined action of any or all of the above severe conditions

which make erosion to be a highly complex phenomenon.
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Further complexity is added by the fact that these conditions vary

along the length of the tube. The severest conditions occur near the

origin of the rifling (O.R.) and, therefore, this is the most affected

area in the tube. Erosion at the muzzle could critically influence the

exterior ballistics, but the muzzle erosion is generally very little as

compared with O.R. erosion. Some of the important processes which result

from the above listed reacting parameters in the area of the origin of

rifling are summarized in Fig. 3 and very briefly discussed below.

Thermally Altered Layer: Heat and pressure cycling result in the trans-

formation of martensite (> 750 0 C) t austenite, which, on cooling,

depending upon the rate of cooling, revert back to martensite. The thick-

ness of this layer, which is also called the thermally altered layer and

has the same composition as that of the unaltered layer, varies along the

bore of the tube.

Heat Checking: Consequent to the volume changes on rapid heating and

cooling of the surface, also involving phase transformation, stresses

are developed at the bore surface which are relieved by the cracking of

the surface. This condition is called heat checking (Fig. 3b). It is

further aggravated by the combined chemical interaction and high temper-

ature (higher than the m.p. of the product formed at the surface) causing

pebbling (Fig. 3c), especially in the forward part of the chamber.

White Layer (Fig. 3d): The powder gases react with the thermally altered

layer and form a thin layer of the product called "white layer". Its

composition varies with the history of firing, nature of the propellant,

and the tube temperature. With a single base propellant, the major products

1.1-7
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formed are Fe 3 C (cementite), Fe 2 Nx (epsilon)* and Fe 4 N (' prime) some

austenite stabilized by the dissolved C and N, and martensite phase formed

on rapid coolin- of austenite. Another layer between the thermally altered

ancl vhite layer (called the inner white layer) is also observed. it is

'eierally austerliLe stabilize.( by the dissolution of C and N, and is some-

times partly melted. Apparently, the formation of the inner layer precedes

the forxiation of the outer one. The morphology of the layer is schematically

represented in Fig. 3a.

With double base powders, the predominant end products are austenite

and FeO which, however, because of the high temperature may melt along

with the bore surface and be removed by the gases.

Mechanical Action of the Gases and the Projectile: The high velocity

gases following the projectiles, heat the surface and sweep the softened

or molten material from the bore surface and enlarge its diameter (Fig. 3e).

Under extreme conditions, actual rippling or formation of "tongues" of

molten material is observed. Frequently, incomplete obturation by the

rotating band results in a streaming of very high velocity gases past

the projectile, and gouge or score the material (Fig. 3f). They will

also soften the copper rotating band, which, as the projectile moves,

results in coppering the bore especially towards the muzzle end. Some

of the entrapped copper in the heat check cracks may accelerate their

* Fe 2 NX and Fe 4 N are unstable at the temperatures of firing. Therefore,

these possibly form during the cooling time by the interaction of NH 3 with

the bore.
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propagation in the body of the material. Further, the accelerating

projectile swages the bore, especially the land at the O.R.

Influence of Other Parameters on Erosion: It has been shown chat the

rate of erosion increases with 1) increased rate of fire; 2) C02 /CO and

H2 0/H 2 ratios; 3) flame temperature of the propellant; 4) muzzle velocity

and increase in chamber-to-bore diameter ratios. The lands are eroded

more than the grooves. There is more erosion at the 12 o'clock position

than at the 6 o'clock, at the origin of the rifling which is the worst

affected area of the bore.

NET RESULTS OF EROSION AND WEAR LIFE OF CANNONS

The net results of the combined action of the above conditions are:

1. Enlargement of the bore.

2. Loss of fire accuracy.

3. Loss of muzzle velocity.

4. Also, decrease in fatigue life, as the physicochemical environ-

ment can accelerate the rate of propagation of cracks formed

initially by heat checking.

The extent of this damage can be appreciated from the fact that, except

for the howitzers (in which low temperature propellant, e.g., Ml, and

low muzzle velocities are used) the majority of the cannon tubes manu-

factured at the Watervliet Arsenal are wear limited. The ballistic

characteristics of some of them are summarized (12) in Table 11. The

point is easily made in the case of the 175mm M113. This tube, in

1966, was fatigue limited and had a life of 400 EFC rounds. Watervliet

Arsenal's R&D efforts resulted in the successful application of autofrettage
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process on these tubes. This increased the fatigue life of the tube

as high as 2350 rounds. However, now the wear became a problem because

its wear limit of 0.2" reaches at about 700 rounds. Even this is an

order of magnitude of improvement on the 1966 tube life. Yet it shows

that, roughly, 2/3 of the potential tube life is wasted. Similar con-

sideration on other wear limited guns adds up to, on the whole, wastage

due to erosion to a mammoth dollar value.

Measures to Reduce Erosion: A critical review of the various causes of

erosion woule suggest the following as some possible measures for its

reduction:

1. Using wear reducing additives to propellants.

2. Formulate propellants such that CO/CO2 and H2 /H 2 0 ratios are

high at a given flame temperature.

3. Devise systems in which the heat is quickly conducted away

from the bore, either by cladding the tube with material of

high thermal conductivity, or cooling the tube from the inside

by the injection of a fluid or from the outside by air or water.

4. Design a better system for gas obturatiott.

5. Make a tube from a material more resistant to erosion than Sun

steel. Or, use such a material as a liner or as a coating in

the tube to protect the gun steel tube.

The first weasure has been successfully used by a Swedish fir, (9)

by the introduction of a TiO2 wax-impregnated overwrap for the propellants

charge, whereby the wear life of the gun tubes has been markedly improved.

This has now been officially adopted by the U.S. Army and Navy for many guns.
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(13) (14)
Other additives like talc (33) and urethane foams have been

investigated and found to be effective. This work will be reported

in the afternoon session. However, the mechaniaim of the action of

these additives in reducing wear has not yet been fully understood

and needs further study. Addition of deoxidants (the second measure)
- (15)

such as ferrosilicon to the propellants was shown to give encour-

aging results. This approach should be explored further. Considerable

effort has also been expenetd in the development of the third measure,

i.e., fast removal of heat from the tube. It has been adopted in the

provision of cooling systems for some of the rapid firing automatic

weapons. Yet, it is not very convenient and restricts the mobility

of the system. While incomplete obturation by the rotating band is a

serious problem, very little is being done to remedy it (fourth measure).

Efforts must be made to both improve the material and design of the

rotating band.

Erosion Resistant Materials (Fifth Measure)

One of the most important conclusions arrived at as a result of

extensive investigations under the KDRC in 1941-5 was that with double

base powder and high rate of fire, steel, regardless of its type, will

be severely eroded. Only a marginal improvement can be made by improving

the composition of the tube. Therefore, a material better than steel must

be found. The following are some of the most important requiremnt. of

such a material.
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1. High melting point7 1500°C (this is the most important single

factor in erosion).

2. High specific heat.

3. High thermal conductivity.

4. Low coefficient of thermal expansion.

5. No volume change as a result of thermal or pressure cycling.

6. High resistance to powder gases especially CO/CO2 .

7. Resistance to thermal, mechanical, and chemical shock. I
8. High temperature mechanical strength.

9. Resistance to abrasion. i

10. It should be ductile enough to resistance cracking, yet hard i

enough to resist swaging by the projectile.

11. For lining or coating, the thermal and elastic properties of

the materidl should be compatible with the steel. For coating,

good adhesion is another requirement.

12. Fabricability.

13. Available in economic quantities.

An ideal material with all these propert 4 es is, as yet, to be found.

Under the sponsorship of NDRC, more than 100 materials ware evaluated
by erosion vent plug tests, firing of material particles with the

propellant&, and actual test firing of some of the material in the form

of barrels, lining, and coatings. Efforts on a reduced scale on similar

lines during the last 20 years did not add much to their conclusions

which were approximately as follows.

•l I I
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1. No amount of alloying or other measures of improving gun steel

could give a satisfactory material to resist erosion by high

temperature propellants at a high rate of firing.

2. Of the high m.p. materials,Mo with 0.1% Co (or Ni) was the

most promising material. But, difficulties of fabrication

of liners or application of coating were technical barriers,

which could not be completely overcome.

3. The next best material was Stellite 21 (64% Co, 287 Cr, 67. Mo,

2% Ni, and 0.25% C) which was found to be excellent when a

single base powder was used. With high temperature propellants,

its low m.p. of 1200-13000 C made it unsatisfactory.

4. Chromiuxi with its high m.p. and excellent chemical resistance

is, in fact, second best to Mo. Yet, it is very brittle and

when applied by electroplating has microcracks due to residual

stresses. It is the only material which has been used to protect

bores from erosion in spite of these weaknesses. No method has

yet been found to improve its ductility and obtain its coating

crack-free.

5. Indications of a good promise were also obtained in the case of

Co-W (97:3) and "as-rolled" silichrome XCR, but their complete

evaluation was not achieved.

In fact, the suitability of a material is prescribed by the conditions

under which the gun is designed to be fired. For example, for howitzers

in which Ml propellant and low muzzle velocity are usually employed, there
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is no problem of erosiou and, therefore, nothing here can beat steel. The

same is true for mortars, where because of extremely small residence time

of erosion conditions and low pressures, fatigue rather than erosion is the

life limiting factor. In guns where the melting point of the bore is expected

to go high, but not very high (< 1100 C), materials like Stellite 21 will

be better than steel. Yet, they will not be suitable with double base pro-

pellants and rapid rates of fire. Chromium (m.p. 1895 0 C) or chromium alloys

(with improved ductility) will perform better than Stellite 21 under these

conditions. Still, at higher temperatures it becomes imperative to use

refractory metals and alloys based on metals such as Me, W, Cb, V, Ta, Re,

Rh, Cr, et:.

Results of a number of investigations on the evaluation of such alloys

and coatings will be presented tomorrow in the third session.

During the last 25 years, tremnendous progress in the development of

new techniques of fabrication, application of coatings, and evaluation has

been made. Also, a number of new high temperature alloys have been developed

and come into the market. They must be evaluated.

CONCLUSIONS

1. Although exhaustive work on the mechanism of erosion of gun tubes

has been in progress for the last three-quarters of the century, it is

still far from being adequately understood.

2. BecauJe of the continuovs efforts of improving the fatigue life

of the tube and a side-by-side increasing demand of higher muzzle veloc-

tties, the problem of erosion will always be present. Therefore, a
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continuous and coordinated activity must be maintained in the Poy) labor-

atories to gain a deeper insight into this phenomenon.

3. A number of measures to reduce erosion have been considered.

Encouraging progress has been made in the use of wear-reducing additives.

Yet, the mechanisms involved are not fully understood. Very little has

been done on the use of deoxidants and improvement of material and design

of the rotating band. These areas must receive due attention of the in-

vestigators who are interested in reducing wear of gun tubes.

4. In the field of materials, the problem of brittleness of plated

chromium| remains unsolved. It is of interest to state here that very

little attention has been paid to the nitrogen embrittlement (16) of

chromium plated in the gun tubes. In the literature, addition of 0.1%

yttrium has been suggested as a possible remedy. The problem of fabri-

cation of suitable liners or application of coatings of refractory materials

such as Mo and its alloys are also yet to be overcome. A refractory alloy

better than chromium plated steel is yet to be found. Therefore, evalua-

tion of new high temperature alloys as gun tube materials, liners or

coatings and application of new technologies must continuously be explored.

5. To achieve fruitful results in a reasonable length of time, all

these R&D activities must be carried out under a well prepared and coordi-

nated plan.
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1 oi DISCUSSION:

R. Weigle (conment): Dr. Ahmad has stated that the wear limit

of the 175MM M113E is 700 EFC rounds. I

wish to add that this figure has now been

modified to 1200 rounds.

Karl H. Meyer: Why is a stellite liner not compatible with

a double base propellant?

I. Ahmad: The melting point of stellite 21 is low and

cannot stand the high flame temperatures of

double base propellants.

4!
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REFL3ETIONS ON THE WEAR AND TEAR OF GU3N BARRELS

Peter R. Kosting, US Army Materiel Comand,
Washington,D. C.

Abptract

Comments are made based on observations extend-
ing over many years. Studies of the wear and
tear of gun barrels and of the phenomena involved
are multi-faceted and interdisciplinary in na-
ture. Physical scientists, ballisticians, gun
designers and systems engineers have different
approaches to the problems of understanding the
phenomena of erosion and wear and the improvement
of the performance of guns. Different organiza-
tions within the Army become involved in full
scale erosion investigations and their contribu-
tions must be timely for the maximum benefit to
be obtained. Many lessons are relearned period-
ically, particularly regarding the importance of
the mechanical properties of the gun barrel ma-
terial and the design parameters. The phenomena
of melting of the bore surface are important but
not always controlling in erosion. Chemical chang-
es and subsequent lose of the gun barrel material
from the bore surfaces are also important. Yet,
additions to the propellant powder and control of
the design of the propellant powder grain have
profound changes on the erosion rate of some gun
barrels. Much remains to be learned about gun
materials; propellant powders and gases; and do-
sign of guns, propellants and projectiles.

Introduction*

The first Chief of the Ordnance Corps selected cast iron instead of

bronze for the manufacture of cannon. Two reasons were given. The first

was that weapons made of iron lasted longer than those made of bronze.

The second was that Lron was cheaper than bronse. The year this selection
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was recorded was 1812, 158 years ago. It is no idle statement that the

life of its cannon has long been an important concern of the Army.

Reflections on the wear and tear of gun barrels based on personal

observations cover three periods of time, namely: prior to World War II;

World War II; since World War II.

Period Prior to World War II

The early studies of the parameters affecting the life of gun

barrels were usually unidisciplinary in nature. The ballistician, the

designer, the metallurgist, the physical scientist, etc. evaluated

relatively independently their own sets of parameters until the late 1930's.

Metallographic studies of eroded barrels were concerned with thermal check-

ing, carburization,the copper mouthful theory of crack propagation and so

forth. Carbon pick up in the Hard Layer was established. Such type of

studies were also carried out at Watertown Arsenal, the predecessor of the

Army Materials and Mechanics Research Center at the time it was under the

comand of General Tracy Dickson. Dr. H. H. Lester reported in 1929 upon

constituents of the Hard Layer, which is around 0.003 inch thick at the

bore interface of eroded steel gun barrels. He found alpha and gamma iron

were present and postulated the presence of iron-nitrogen solid solution.

The next comeander at Watertown Arsenal was Colonel Glen F. Jenks who

stimulated continued study of erosion in the early 1930'.. It was found

necessary that improved methods of preparing metallographic specimens be

used,otherwise evidence of the true nature of the bore interface was lost.

The tern Hard Layer was u cJ to describe the hard surface skin and the

term White Layer was used for layers which were found at the extreme bore

interface. Som of these White Layers were less than about 0.00005 inch

thick. These White Layers resisted ordinary etching much more than did
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the Hard Layer. Two White Layers ware sometimes observad mechanical loss

of which could account for much of the erosion. Along the side walls near

the mouth of some cracks were found layers with eutectic-like structures.

These were postulated to be the iron-iron oxide eutectic with melting point

much less than that of steel. X-ray chemical analysis identified the

presence of iron oxide. Bvidence of other unidentified constituents

existed in the X-ray diffraction pattern. Clues lead to experimentation

with ferrous cyanide, for instance, but with inconclusive results. Chem-

ical reactions of steel with propellant gases to form gaseous carbonyls

were considered.

The study of eroded chromium plated gun barrels and liners revealed

that chromium metal would break off from itself but leave the chromium-

steel interface intact. Numerous but not all cracks in the chromium

plate extended through to the steel. Chromium was more resistant to the

chemical attack of propellant gases than was the steel which somehow dis-

appeared from beneath the plate at many of the cracks. Also chemical

changes in the steel were found to have occurred, extending longitudinally

at depths greater than the thickness of the Rard Layer at places where

the propellant powder gases had access through cracks to stringers of in-

clusions. Needless to say, poorly processed chromium electro-deposits

would flake off in toto during proof firing of plated gun barrels. Dif-

fusion of carbon, hydrogen and nitrogen into the steel was considered.

In machine gun barrels, deep cracks were preceded by chemical changes

in the steel as revealed by metallographic etching. BainitLc microstructure

of the Rard Layer was identified.

Elsewhere work was also going on. Frankford Arsenal and Springfield

Armory were developing chromium plated machine gun barrels. At Aberdeen
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Proving Ground, the thermal history of and temperature distribution along

gun barrels were being calculated and experimentally determined; a massive

molybdenum metal liner was found to be erosion resistant; life of various

cannon was being predicted, and so forth.

It was concluded that direct melting of steel was not the best ex-

planation of erosion in well designed guns, particularly when using single

base propellants as suggested by many prior investigators. However, it

can take place when conditions are suitable. Scoring of gun barrels is

considered to be caused by too great leakage of gas and melting of steel.

Period of World War II

At the beginning of World War I1, the problems of gun erosion were

suggested to Dr. J. B. Conant during his visit to the United Kingdom in

order to determine what military research the United States of America

should undertake. The National Defense Research Council undertook this

work and carried out a broad program. At the end of the war most of the

work was stopped precipitously.

The contributions were numerous and valuable. One piece of intricate

work was dome at Johns Hopkins University in collaboration with Aberdeen

Proving Ground and Fraakford and Watertown Arsenals. Several new iron

carbonyl compounds were discovered and synthesized, and their decomposition

reactions were determined. The objective was to determine the tendency for

iron carbonyl vapor formation during firing of gun barrels. This was done

by capturing and quickly cooling the bullet and propellant powder gases

after they had passed the length of the gun barrel and emerged from the

mussle. Some iron carbonyl was detected but not nearly enough to account

for the weight loss of the barrel. But iron carbonyls decompose quickly,

and though the end reaction products are usually iron and carbon monoxide,
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iron oxide and iron carbide are the results of several types of side

reactions. The end of the war stopped further work on improving the

quenching of the gases and identifying the sources of any iron oxide

and carbide particles. These particles could form also because of

direct oxidation and carburization of gun steel by the propellant powder

gases.

During part of this period, Colonel H. H. Zornig was Laboratory

Director at Watertown Arsenal. He introduced the systems approach to

the studies. His concept was that the study of erosion in all of its

ramifications required a back up facility of broad capabilities to make

and alter: propellant powder and igniters, etc; projectiles, rotating

bands, and cartridge cases, etc; breech rings and breech blocks, etc;

chambered and rifled gun tubes, etc; carriages, recoil mechanisms, etc. In

addition, there should be but one size of gun in which all ideas were first

tried out. This became known as the "One Caliber Gun". The size should be

small and standard in the interest of economy of ammunition required for

firing tests. The 37M4 gun system was such a weapon and much erosion in-

formation was obtained with it. This gun was available with at least two

variations in chamber size, two types of propellant powder, fully developed

projectiles, cartridge cases and propillant powder, and a big supply of

complete rounds. The initial development by Battelle Memorial Institute

of thick electrodeposited chromium for erosion resistance was dome with

the 37114 gun. This nsie was also used in the Carnegie Institute of

Technology program on steel quality, the initial plan of which required

about 90 tubes.

Another concept of Colonel Zornig was that in a wall designed gun

tube and projectile system, the military characteristics would all deterio-

rate beyond usefulness at about the sam time in the erosion life of the
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weapon. Thus, dispersion and frequence of prematures should not become

intolerable while range and muzzle velocity remained relatively unchanged.

Among other developments were chromium plated nitrided machine gun

barrels and Stellite lined machine gun barrels. The Stellite has a lower

melting point than steel but much better hot hardness. The development of

strong ductile tough chromium and chromium base alloys and of molybdenum

was itarted.

This was also the period when band pressures were first measured

extensively, also there werft observed squashing of lands in guns made of

soft steel, deformation and shearing of side wall of lands in guns made

of hard steel, annular growth of side branches from the radial bore cracks

leading to stripping of short lengths of lands in regions adjacent to the

origin of rifling. The resultant changes in the bore diameter were not

attributed to erosion.

Period After World War 11

Among the many endeavors which were continued after the close of World

War 11 were: improvement of chromium plate and the plating process; develop-

mea• of strong, ductile, tough chromium and chromium alloy castings or

forgings having a large cross section; development of strong ductile tough

molybdenum pieces having a large cross section; doeve opment of these and

other refractory metals for thin liners for machine gun barrels.

Obvious potential for improvement in chromium plating included in-

creasing rate of deposition by a factor of 10, decreasing the crack system,

improving the hot hardness, measuring non-destructLvely the quality of ad-

hesion. The quality of adhesion and the capability of reproducing good

results more impaired by most changes in the existing chromium electro-

plating process. The development of fundamental criteria for measuring
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adhesion was impaired by the desire to evaluate "°working" electroplating

solutions used in production. Although both college researcher and govern-

ment engineer ware intererted in the results, time and money ran out before

necessary standards could be evolved. The initial obvious Improvemsnts

still remain to be achieved. A recent study of the dispersion hardened

nickel plate at Watervliet Arsenal is most interesting. The improvement

in erosion resistance of the nickel under conditions found deleterious to

steel under chromium plate remains to be established, The Army undertook

the development of large forgings of ductile tough chromium base alloys.

The Navy undertook not only the development of molybdenum but also the

design for cannon of a liner made of brittle materials. In essence, the

latter endeavor was the design of a liner with separations (cracks) located

in tolerable positions. All in all, although small pieces such as wire and

turbine blades for aircraft engines were prepared from ductile metal, large

pieces suitable for military usage were not obtained.

The policy of developing a tough alloy before firing tests are begun

is still considered correct. Although it can be demonstrated that several

barrels of non tough msterial may be fired successfully, stoppages occur

due to the passage of the projectile being blocked by dislodged fragments

of the liner. The fragments are formed by the growth of annular cracks as

well as longitudinal and transverse radial cracks. These stoppages affect

the reliability end safety of the weapon.

More hopeful progress was made at Springfield Armory with thin liners

for machine gun barrels. The first columbium alloys tested gave outatand-

Ing evidence of success only to be snagged on reproducibility. Interest in

tantalum alloys evolved soon thereafter. The developmnt of such alloys is

cont inuing.
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More recent developments at Picadonny Arsenal has shown the potential

for fiber reinforced plastics in the manufacture of very light weight tubes

(81=i in diameter)J4sans to overcome the thelmal checking and to withstand

the internal pressure have been demonstrated. In the meantime, fibers and

plastics capable of withstanding high temperatures are being developed by

the sister services. Metal may no longer be indispensable for cannon.

The idea conceived at Aberdeen Proving Ground of enveloping the hot

gases with a layer of cool gases flowing past the bore interface seems to

have found a modification in the new ball smal' arms ammunition. A plug

of cool gases immediately behind the projectile at the instant of start,

and engraving of the rotating band by the rifling, may be the key. The

recent development, of course, is the successful wear additives for use

in some, although not all, cannon systems. This development wea extremely

valuable at this time in the history of our Nation. At first glance this

appears to negate need for metallurgical improvements. On second thought,

however, it hopefully permits upping the performance characteristics of

future cannon systems, the low cost accuracy of which is their chief military

usefulness. It may be helpful for the light weight problem. For these

reasons the correct explanations of the successful and unsuccessful

applications of wear additives and layered propellants are important areas

for research.

A change in concentration of the main alloying agents in the surface

layers of eroded gun tubes has been indicated by means of adaptation of

new methods of instrumental chemical analysis for light weight elements.

Further adaptation should be helpful in tracing mechanioms of erosion.

New procedures for measuring erosion and expressing the results are

definitaly needed. The caliber .30 erosion gage weapon is one simple
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improvemeit. The degree of erosion is a function of the severity of test.

It is not enough to identify the severity and then compare weight losses.

This variability of severity should somehow be incorporated in an erodi-

bility factor for any material. This should minimize misinterpretation

of data about the relative erodibility of materials.

Close

Only a few of mvny endeavors have been mentioned for the purpose of

showing the military implications of many basic and applied problems

associated with Gun Tube Erosion and Control. 3uch problems are a con-

tinuing challenge to the military scientists and engineers. There is no

final solution because as sc-on as one goal is reached, the designer will

require that more energy be introduced into the system. Metal Is not

necessarily supreme. Fiber reinforced plastics will continually challenge

metal on the basis of weight and even temperature of service. Wear

additives and layer propellants enlarge the scope of future opportunities.

Qunntification of knowledge for computer retrieval and reuse when

military characteristics Are truly specified should make design of a gun-

projectile system more reliable in the initial stages and eliminate much,

but not all, of the test firing now required.

The stakes are high in erosion research.
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1.2 DISCUSSION:

Ernest L. Bannister: What were the effects of Carbonyl Erosion?

P. R. Kosting: There is metallographic evidence of deterioration

of gun steel by propellant powder gases at

discrete but small distances from the bore inter-

face. In machine gun barrels which presumably

are very hot during firing the entire lenath of some

bore cracks is affected. In both cannon and m.q.

barrels the steel is affected along stringers

of non-metallic inclusions adjacent to the bore

and intersecting cracks. Loss of steel from

beneath electroplated chromium metal has also

been demonstrated. Search for explanations of

this type of evidence included the work on iron

carbonyls by Evans Fraser and Horn. But

carbonyls may not be the actual deterioration

agent and certainly is not the only one.

Paul Netzer: 1. Were there not studies on thickness of

chromium in excess of .0005 inch?

2. What were results of the gas study components

continued after John Hopkins? Did not sulphur

contribute significantly to erosion?
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1.2 DISCUSSION CONT'D:

r. R. Kostinc: 1. Battelle M.lemorial Institute, under contract,

developed the anplication of thick chromium

vlate for erosion retardation. It was deter-

mined that with thick plate, new barrel

performance could be maintained for quite a

long time. Thickness un to .010 inch and

more were used.

2. Undouhtedly small additions can catalyse

chemical reactions annreciably.
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GUN EROSION AND METhODS OF CONTROL*

Mrs. D.J. Taylor and Mr. J. Morris
Royal Armament Research and Development Establishment

Fort Halstead, Seven Oaks
Kent, England

Various aspects of gun erosion with a special
reference to the United Kingdom experience are
reviewed. Methods of controlling heat transfer,
mechanical effects caused by the rotating band,
muzzle and spiral wear are discussed.

DESCRIPTION OF EROSION

Bore Enlargement

The most important feature of ero ion is the enlargement of the bore.
Erosion is a general term applied to the removal of metal from the bore of
a gun by the action (thermal and chemical) of the propellant gases and also
by the abrading action of the driving band of the projectile. Erosion due
to gas action is greatest at the breech end of the rifled bore and decreases
exponentially towards the muzzle, the extent varying with the nature of the
gun and propellant.

Mechanical wear by driving bands of copper or plastics is relatively
small and under conditions of rapid erosion the action of the propellant
gases will over-shadow the wearing effect of the driving band. On the other
hand driving bands made of cupronickel, steel, soft iron or sintered iron
do not suffer the same degree of softening as copper bands due to frictional
heating during the travel along the bore, and by their abrasive action
progressively extend landwear towards the muzzle. In guns which fire metal
cartridge cases, erosion starts from the mouth of the case and is most
severe at this point which is just before the leod and the rifled part of
the bore, ("Y" in Fig. 1.2). The cartridge case protects the chamber of the
gun from erosion. In bag-charge guns where the chamber is not protected,
erosion is most sevcre at the commencement of rifling and only extends rear-
wards a short distance in the chamber. These characteristics of bore en-
largement are shown in Fig. 1.1.

The wear in the grooves is about half that on the lands. In some cases
erosion may proceed at an enhanced rate at local points in the bore surface.
Irregular pits or *scoring' result. Scoring usually occurs, or is most
severe, near the position of the driving band at the time maximum pressure
is reached. A good example of scoring is shown in Fig. 1.2.

*(Based on a paper drafted by Mr. J.B. Goode, 1948)
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The rate of erosion, or bore enlargement, that is the percentage
increase in bore diameter per round fired increases with the performance
of the gun, gun performance being defined as the energy imparted to the
projectile divided by the cube of the calibre. It also increases with
the flame temperature of the propellant. There is a noticeable difference
between cartridge case guns and bag-charge guns, the former having twice
the erosion rate shown by the latter for equivalent conditions. It is
usual to measure wear at one point in the vicinity of the commencement of
rifling, (which is where the rifling attains its full depth). If this
measurement is plotted against the number of rounds fired it is observed
that while for some guns the plot is linear corresponding to a constant rate,
in others the plot is curved showing a decrease in the rate of erosion as
the amount of erosion increases. In these latter guns gas erosion is negli-
gible and the bore enlargement at this measuring position is mainly due to
abrasive wear.

Bore Cracking

A notable feature of steel gun barrels is the craze-cracking of the
bore surface which develops early in barrel life, and decreases in amount
and depth as the rate of heat input to the bore surface decreases towards
the muzzle. The pattern of these cracks exhibits a bias following the
direction of the final machining of the bore surface, which is longitudinal
in the grooves and transverse on the lands. As erosion proceeds some of
the cracks become deeper and wider than others, and the pattern becomes one
in which irregular shaped polygons are outlined by large cracks and contain
n system of smaller cracks. At a latter stage distinct zig-zag cracks
appear in the angles of the rifling grooves. In some cases the edges of
transverse cracks are smoothed as if by gas flow. Illustrations of craze-
cracking are given in Fig. 1.3. Surface cracking tends to be deeper and more
prolific with cooler propellants, that is, under less erosive conditions.

In high rate of five, built up, guns, where the thermal gradient across
the barrel wall is steep (particularly if water cooling is employed giving
rise to high residual longitudinal tensile stresses at the bore), the major
members of the crack pattern generally run in a circumferential direction
and are most severe in the leed and early rifled bore. Progressive Stress
Damage occurs when one or more members of an existing crack pattern increase
in depth with subsequent firings and cause the barrel to fail in a fatigue
mode.

The Altered Bore Layer

One of the changes which take place at the bore surface of a gun during
firing is the formation of a thin hardened, or altered, layer. This layer
is obvious in any metallographic section of a fired gun barrel. Its thickness
depends upon the severity of the erosive conditions. At and near the
commencement of rifling the thickness builds up fairly early in the barrel
life. This thickness remains reasonably constant throughout the barrel
life. As material is removed from the bore thermal penetration into the
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barrel wall restores the original depth of the altered layer. The depth
of this layer diminishes progressively towards the muzzle end of the
barrel and in many guns it does not exist in the forward regions of the
rifled bore. Etched sections through plated and unplated bores showing
varying degrees of thermal penetration are reproduced in Fig. 1.4.

The altered layer has a structure similar to that of martensite, but
"there has been some controversy as to whether simultaneously the possible
absorption of nitrogen or carbon might cause the quenched layer to remain
in the austenitic condition. Although austenite has been identified in
the surface layers it is still not certain to what depth it is present in
the altered layer. Like other chemical alteration products it may be just
present in the 'white layer' that overlies the thermally altered layer.

Erosion products

The products of erosion found on the bore surface can provide valuable
information in the detailed study of the mechanism of erosion, particularly
of the chemical reactions that take place. A considerable amount of work
on the examination of these erosion products has been carried out by American
investigatiors. (1).

The first stage in such an investigation is the removal of the erosion
products from the bore surface. Material lodged in cracks can be collected
if most of the barrel thickness is removed so that the curved bore surfaces
can be flattened, thus opening the cracks. It was found that the coppering
banded projectiles, was a 'store house' for erosion products that had been
formed on the bore surface and swept forward. These entrapped products were
released by dissolving the coppering with an amunoniacal solution of ammonium
carbonate and hydrogen peroxide at a low temperature, SC, to prevent attack
of the underlying stool.

A special technique was used for disengaging flakes of cementite from
the altered layer. A section of the decoppered bore was treated with a
solution of copper potassium chloride containing a small amount of hydro-
chloric acid. This solution dissolves the underlying gun steel leaving
disengaged flihkes of cementite. The cementite of the unaltered steel may
be separated in the same way, but in this case it is a very finely divided
powder. The crystals of cementite obtained from the altered layer are so
coherent that they can be removed as scales which comprise a cast of the
crack system. An improved method of obtaining such a cast consists in
coating with vinylite resin the eroded surface, then dissolving away the
ferrite leaving the cementite flakes adhering to the vinylite.

For identification of the erosion products standard X-ray and electron
diffraction techniques were used. the spectrograph and chemical analysis.
The following table lists the chemical alteration products which were iden-
tified and the positions in which they were found.
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It

Surface
Superficial layers Entrapped Beneath

Alteration Product surface near in In cartridge.
layer C. of R. copperini cracks case

Cementite Fe3C x x
Fe C x
2

Austenite x x x
Magnetite x x x x
Wastite FeO x x
Iron nitride 6 x x
Iron nitride y x x
Chalcocite Cu2 S x x

Wurtzite ZnS x x x x
Sphalerite ZnS x
Digenite CuS 5  x

Pyrrhotite FoSx x
Barium carbonate x
Barium sulphate x
Barium nitrate x
Chromium carbide x
Nickel carbide x

Muzzle wear

In some guns under certain conditions there occurs an enlargement of the
bore at the muzzle. This is known as muzzle wear. It tends to occur in mod-
erately high velocity guns firing copper banded shot. The bore enlargement
is more extensive than that occurring at the breech end of the rifled bore;
it usually develops over a bore length of 20 calibres or more becoming greater
Ls the muzzle is approached. Muzzle wear is almost entirely confined to the
lands, there being little or no wear in the grooves. Very frequently muzzle
wear is asymetrizal, that is, a few adjacent lands are worn to a greater
extent than the rest. This asymmetry tends to be associated with the same
group of lands throughout the region of muzzle wear; this type is often re-
ferred to as "spiral wear". The rate of muzzle wear increases exponentially
with the muzzle velocity of the projectile. (2).

THE CONSEQUENCES

Muzzle Velocity

The enlargement of the bore brought about by erosion causes a deterio-
ration of performance of the gun and eventually determines the end of its
useful life either by the extent of this deterioration or by consequent
failure to function correctly. Muzzle velocity is the main factor which is
subject to gradual deterioration. This is due to a falling off in the
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initial frictional resistance to the motion of the projectile and, in
the case of separately loaded guns the increased ramming leading to an
increased chamber capacity, is also an important contributory cause.
In the later stages of wear gas leakage may also be significant. (3).

Hump Effect

Even without actual enlargement of the bore the craze-cracking in
the bore surface may alter the friction between band and bore and have
an appreciable ballistic effect. This is apparent as a rise in pressure
and velocity in the early stages of gun life, and is called the 'ballistic
hump' effect. (4).

Band Stripping

In a worn gun, because of the obliteration of the rifling by erosion,
the projectile moves some distance before its driving band makes effective
contact with the rifling. Thi.s is particularly true with fixed ammunition,
but is also the case with separately loaded projectiles. With any finite
angle of rifling at the point of engagement, partial failure or stripping
of the driving band is inevitable since owing to its inertia the projectile
cannot instantaneously acquire the rotational velocity appropriate to its
forward velocity and the twist of rifling. This partial failure of the
driving band involves loss of metal, and as the gun becomes more worn this
loss becomes greater until finally the band is completely stripped.

Fuze damage

Damage to fuzes arises from what is known as "side slap", that is the
accelerations produced in the projectile by lateral motion. It will be
obvious that enlargement of the bore will allow more scope for such motion
and the accelerations produced by hitting the bore will tend to increase.
The results of this phenomenon can often be seen a few calibres from C.
of R. as local flattening of the lands caused by impact of the shoulder of
the shell.

Arming of fuzes

Some fuzes require a minimum forward acceleration for arming. In the
case of the bottom charges in howitzers the maximum pressure attained in a
worn gun may be insufficient to provide this acceleration, especially if
the charge temperature is low.

InaccuracX of gun

Inaccuracy of shooting may be due to partial failure to impart spin
causing a reduction in the stability coefficient of the projectile, or it
may be due to the enlargement of the bore at the muzzle which will increase
the initial angular dispersion of the projectiles.
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Overtempering of barrel

The heating of the gun barrel, if excessive, will reduce its strength
either by reducing the strength of the barrel material or reducing the
magnitude of the built-in stresses in auto frettaged or shrunk-up gun
barrels.

"Cook-off"

Heating of the gun barrel can also produce a temporary problem of some
importance in rapid fire guns. The barrel may become so hot that if a round
is loaded but not fired the propellant may 'cook-off' and ignite.

THE MECHANISM OF GUN HEATING AND EROSION

Theory (5, 6, 7 & 8)

The propellants referred to in the text are as follows:-

RDX - Experimental propellants, various types and temperatures
N, N/S - Vicýrite, flame temp 2450"K. NM - Double base, 3,2000 K, obsolete
NH - Single base, US origin, 2680°K. NC - nitro cellulose base, various
temperatures. Digi - Diethylene glycol dinitrate, various temperatures.

General considerations

The heating of a gun barrel during firing is brought about by the friction
between the projectile and the bore, leakage of hot propellant gases past
the driving band and by the main stream of propellant gases following behind
the shot. There is little doubt that most of the heat is transferred to the
barrel by forced convection through the turbulent boundary layer of the
high velocity main stream of propellant gases, for, compared with this, the
heat transfer by radiation from the gases is negligibly small,(6) and the
heat produced by friction has no appre iible effect on the total heat transfer
or on the maximum surface temperature. I. The possible heating effect of
gas leakage past the driving band is found theoretically to be small unless
the leakage channel exceeds a certain size.

Heat transfer equation

The transfer of heat between the propellant gases and the bore is due
to the exchanges of energy in collisions between the gas molecules and the
wall. Since the mean free path of the gas molecules at the densitigs pre-
vailing in ballistic conditions in very small - of the order of 10" cm -
the motion of the gases can be treated by the methods of hydrodynamics and
the type of flow depends upon the relevant Reynolds number. In ballistic
logditiong, the Reynolds number is always extremely high - of the order
10 to 10 - which means that the flow will always be of a highly turbulent
nature, except possibly in a thin boundary layer adjacent to the wall.
The thickness of this boundary layer under ballistic conditions will be of
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the order of 10-5 cm which, though small compared with the gun dimensions,
is large compared with the mean free path. It follows that the accommo-
dation coefficient will be of the order of unity and that at the bore
surface the gas will have zero flow velocity and the same temperature as
the surface. Under these conditions there exists a relation between heat
transfer and mechanical friction first discovered by Reynolds.

The heat transfer is accordingly given by the equation -

q - 1/2 X SpPu(a- a -i

where q is the heat transfer
p and u are the gas density and velocity respectively
Op the specific heat of the gases at constant pressure

0 and e5 the temperature of the gases and surface respectivelyg s
X is a hydrodynamical factor - the Fanning factor - related

to the mechanical friction of the walls.

Friction Factor

In order to obtain numerical values for the heat transfer it is neces-
sary to know the value of the friction factor X ; the other factors are
either physical factors or can be deduced by standard internal ballistic
theory. The friction factor depends upon the type of flow. The thickness
of the boundary layer as deduced from hydrodynamical theory is of the order
of 10-$ cm. A boundary layer of such dimensions has a meaning only if the
wall is sufficiently smooth. Irregularities of larger dimensions in the
surface will prevent laminar flow and a rough regime will exist. This will
certainly be the case for gun bores. This result introduces two consider-
able simplifications to the heat transfer theory; firstly a constant value
of X can be used, since with a rough regime , is independent of velocity,
and secondly there is no need to investigate the viscosity of the propellant
gases. On the other hand the value of X cannot be obtained 'a priori' from
theory alone and must be determined by comparison with experimental results
on the heating of guns.

The above considerations apply to the case of minimum disturbances of
flow. Any deviations from ideal conditions, such as variation in the cross
sectional area at the mouth of the chamber or the presence of sharp corners
at the mouth of cartridge cases, will always tend to increase the friction
factor.

Calculation of bore temperatures

The heat transfer equation having been established, the resulting
temperatures and heat flow in the barrel can be calculated by the Fourier
equation of heat conduction in solids. Such calculations show that the
bore surface near the commencement of rifling attains the highest tempera-
ture and that the value of the peak temperature attained at positions
further forward falls quite rapidly with the distance from the commencement
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of rifling. (Fig. 3.1) To be more precise, the part of the bore which
attains the highest temperature is immediately to the rear of the gas
sealing device, the driving band in most cases, in the loaded position
of the projectile. The calculations also show that, owing to the relative
slowness of the thermal conduction process, only a very, thin bore surface
layer is heated at all when the bore surface reaches its maximum temper-
ature. And further it is only a thin layer which undergoes a large rise
in temperature. A typical example is shown in Fig. 3.2.

Measurement of bore surface temperature

It follows from the concluding remarks in the previous Section that
if the maximum bore surface temperature is to be determined experimentally,
measurement must be made at a point extremely near to the bore surface.
This is clearly fraught with considerable difficulty, but success on the
small arms scale has been achieved( 9 ). Steel plugs were fitted to borings
in a rifle barrel so as to be flush with the bore. Thermo junctions were
formed in the bottom of the plugs by a very thin coating of nickel and the
measurement was made at a distance of 0.002 cm from the bore surface.
Corrections for this displacement were applied.

Measurement of heat transfer

The alternative approach is to measure the total heat transfer at a
given point of the barrel, since the theory can be used to calculate either
the maximum bore surface temperature or the total heat transfer. Three
techniques have been used for this purpose by US investigators; they are
known as the "calorimetric ring", the "calorimetric section" and the "calori-
metric wall"( 1 0 ). The calorimetric ring technique employs a thermally
isolated ring which forms part of the bore surface and of which the temper-
ature rise is measured. This method has, however, been completely superseded
by the calorimetric section which uses the actual gun barrel as a calori-
metric section, as this avoids any possible disturbance of the gas flow and
is obviously much simpler to apply. The method is satisfactory for most
positions on the barrel because the temperature across the annular section
of the barrel has evened out before there is any significant loss of heat
from the section by longitudinal conduction or by external cooling. Mea-
surement of heat input at the commencement of rifling is not possible with
this method since considerable longitudinal heat flow takes place in this
region. The calorimetric well technique in which the thermocouple is fixed
to the centre of a flat bottomed boring near the bore surface overcomes
this difficulty by reducing the distance between the bore surface and the
thermocouple and therefore the time for the conduction of heat. Another
technique is to deduce the total heat transfer from the residual external
strain of the gun barrel measured by a strain gauge.

'CORRELATION OF RATE OF EROSION WITH THERMAL EFFECTS

Critical isotherm theory

A simple theory of erosion was developed by C.K. Thorrhill based on
the assumption that, at a specific position along a gun barrel, the rate
of erosion is directly proportional to the depth of penetration of one of
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a number of critical isotherms. From the results of some detailed thermal
calculations in a representative group of cases, semi-empirical formulae
were derived for the estimation of the maximum bore surface temperature,
heat transfer, and depth of penetration of temperature. Applied to the
position of the commencement of rifling these formulae show an appreciable
degree of correlation in service guns between the average rate of wear at
1 inch from C of R and the estimated maximum bore surface temperature at
this point. Three regimes of erosion were identified. When the maximum
bore surface temperature is less than b60C* erosion is negligibly small
and probably entirely mechanical in origin; when the temperature is between
6600 and 1,0000 C the rate of erosion divided by the square root of the
calibre increases steadily with temperature - this in theory is equivalent
to the depth of penetration of the 660' isotherm. This critical tempera-
ture is, by its derivation, a theoretical figure in which no allowance has
been made for the hydrodynamic roughness of the bore surface of the gun.
The critical temperature is possibly associated with the AC temperature of
phase change in steel - about 710 0 C for slow rates of heating, but higher
for more rapid rates. When the maximum bore surface temperature is greater
than 1060°C the rate of wear increases much more rapidly, and this may be
associated with the melting point of cementite, l150lC.

Melting Theory

R. N. Jones of BRL, has developed a theory of gun erosion by melting.
Although the average bore surface temperature may never rise to that of
the melting point, if the surface is rough, a large number of peaks may be
presented to the heating action of the gases and raised to the melting point.
Dr. Jones contends that this actually happens and that the material from the
small peaks is melted and swiept away, the bore surface maintaining a stable
condition of roughness by fresh peaks being constantly formed during firing.

Erosion is therefore proportional to heat input and the proportionality
factor is determined to give good correlation. The same constant applies
to both guns and erosion vents.

THE PART PLAYED BY THE DRIVING BAND (ROTATING)

Band Pressure

It is now well known that copper driving bands exert a high radial
pressure on the gun rq e near the commencement of rifling and in some cases
throughout the bore -'. Initially, at any rate, this radial pressure must
be accompanied by a powerful frictional drag on the bore surface, though
later, as the surface of the driving band becomes heated, this drag will
diminish with the falling coefficient of friction. The combination of these
high radial and longitudinal forces acting on the bore will tend to break up
and remove any bore surface layers embrittled or otherwise damaged by thermal
and chemical action. Laboratory experiments have shown that when copper
slides on an unlubricated steel surface there is not only a marked tearing
out of copper fragments from the copper surface, but also a plucking of
minute particles of steel out of the steel surface.
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The most abundant and general evidence is in the shape of the wear
curves for guns. For certain guns the rate of wear at 1 inch from com-
mencement of rifling decreases with increasing wear until the amount of
wear roughly corresponds with the height of the driving band. Since the
forces exer* by the band will tend to become smaller with increasing
wear while Lne other conditions will remain substantially the same, it
is concluded that the difference between the initial and final rates of
wear must be due to band action. The magnitude of this effect varies
considerably; for instance in the Q F 3.7-inch gun Marks 1-3, there is
no effect if WM propellant is fired, while with the cooler propellants NH
and N/S the effect is pronounced, the final rate of wear being only one
third of the initial rate.

Pre-engraved and unbanded projectiles

More direct evidence is furnished by US experiments with pro-engraved
projectiles"13). These projectiles, which were designed to eliminate the
driving band forces referred to above, gave about half the rate of wear ex-
perienced with conventional copper banded projectiles. A limited investi-
gation of this subject has been carried out in a Q F 17 pr. gun, in which
projectiles with reduced bands and without bands were fired and the rates
of wear 9 mned compared with the corresponding figures for Service pro-
jectiles . The comparison showed for the unbanded shot a decrease in
the rate of wear of 50% at 1 inch from C of R and increasingly larger re-
duction further forward, that is, with a banded shot the wear was not only
greater but extended further down the bore towards the muzzle.

THE FORMATION OF BORE CRACKS

Residual Stresses and ghase changes in the bore

The craze cracking of a gun bore is due to the rapid changes of temper-
ature which occur in a very thin superficial layer of metal when successive
shots are fired from the gun. At the peak temperature the compressive stress
in the surface exceeds the yield of the material and plastic flow occurs.
On the subsequent rapid cooling the surface layer is thrown into tension,
the stress tending to exceed the yield, and tensile rupture occurs. The
depth of metal involved is very small. Cracking is facilitated by phase
changes in the bore layers with accompanying volume changes which occur (in
steel barrels) on passing through the critical range 730-8000C. Picrite
propellants accelerate the incidence and increase the severity of craze-
cracking owing to the high nitrogen content (order of 30 per cent) of the
propellant gases and the fact that absorbed nitrogen depresses the M tem-
perature and exerts a stabilizing influence on austenite. Investigation of
Ms temperatures of 3 in. Mk:Nl gun liners, where steep thermal gradients
across the liner wall were present, indicated that MS tempes MYres bore some
relation to the propensity of liner bores to develop cracks •

Thermal Cycling Experiments

Experiments in this Establishment showed that craze cracking in metal
sturfaces could be produced simply by the application of repeated thermal
stress. The tests involved repeated heating by H F induction of one edge
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The omission of decoppering compounds from the ammunition of the
3 inch Mk N1 gun redtced the rate of wear in the early rifled bore and
doubled the gur, life, thus indicating that bore cracking can have a
significant role in the rate of removal of material from the bore.

C1HEMICAL ASPECTS OF EROSION

Erosion Test Gun and Erosion Vent Plug Experiments

Although the rate of erosion shows a strong correlation with tem-
perature, erosion is certainly partly due to chemical action of the
propellant gases on the bore surface. Consequently the chemical side
of erosion is important and particularly any variations in the chemical
reactions with different propellants. The erosive power of propellants
has usually been investigated either by erosion vent-plug tests or in
erosion test guns. These devices were instituted to obtain a high rate
of erosion so that results could be obtained quickly and economically.
It is now recognized that very high rates of erosion, which imply melting
of the metal, do not yield information which is relevant to gun conditions,
and the rate of erosion must be related to that of guns if valuable results
are to be obtained.

US experiments with erosion vent-plug apparatus in which the severity
of erosion was adjusted so as not to be excessive, on a series of RDX pro-
pellants with flame temperatures from 22900 to 3265SK showed that some
RDX propellants are more erosive with respect to gun steel than some single
base propellants of the same flow temperature, thus demonstrating the im-
portance of the chemical factor in erosion(1' For example it was found
that, under matched ballistic conditions including flame temperature, an
RDX propellant was nearly twice as erosive as the standard single base
propellant NH-Ml. With increasing severity of erosion, however, the dif-
ference between these two propellants decreased. A notable feature of
other US experiments using an erosion test gun was the marked effect of
coating the propellant with centralite in reducing erosion.

Theoretical considerations

The nature of the products to be expected from the chemical reactions
at the bore surface have been determined by C F Curtis and N L Johnson
using the standard methods of thermo-chemistry( 2 0). For single and double
base propellants and different loading densities the ultimate products were
derived. An ultimate product is one which would be formed if chemical
equilibrium were established between a finite amount of steel and an infi-
nite quantity of reacting gases. It was found that there were three ulti-
mate products for both low and high surface temperatures; these were Fe 3 C,
FeO and Fe 3 04 , the proportions depending upon the assumed temperature;
Fe 3 C predominating at low temperatures but disappearing at high temperatures
to give place to FeO. When 0.1% sulphur was assumed to be added to either
propellant, the ultimate reaction product at low temperatures was FeS, while
at high temperatures it was FeO just as if the sulphur were not present.
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The principal difference between the ultimate products to be expected
from single base and double base propellants arises not from their chemical
compositions but from their difference in flame temperature and consequent
difference in bore surface temperature. With high surface temperature FeO
is more likely to be formed than Fe 3 C; this is in agreement with observation.

The reaction 3Fe + 2CO-->Fe 3 C + CO2 is so strongly exothermic that
enough heat is liberated to melt the Fe3C. The reaction Fe + H_2S--.FeS is
also strongly exothermic, though a rise in temperature tends to inhibit the
reaction.

It is also interesting to note that in addition to Fe C, FeO and Fe 3 04
which have been commonly found in the erosion products of worn guns, iron
nitrides have also been repeatedly found, but the thermo-chemical calcula-
tions show that these are not ultimate products.

PROPELLANT GAS EFFECTS

General

One of the problems in the investigation of the chemical causes of gun
erosion is to determine which of the constituents in the propellant gases
is responsible for thechemical reactions at the bore surface. American
investigators have applied isotopic tracer techniques for studying the re-
actions of nitrogen, carbon and sulphur. The penetration of nitrogen into
the bore has been studied by using a heavy isotope of nitrogen (NIS) and
determining its percentage in different layers of the steel by the mass
spectrographL2 1 ). Similar studies for carbon and sulphur have benn made
using radi2-tctive isotopes and measuring the radioactivity introduced into
the steel2

Nitrogen

The experiments with nitrogen showed that nitrogen of single base
propellant gases penetrated to at least 0.05 inch below the bore surface
after 10 rounds. Other indications were (i) that some of the original
nitrogen in the steel was replaced by the "tagged" nitrogen, with migration
of the original nitrogen elsewhere, (ii) that the "tagged" nitrogen had two
peak concentrations, one in the bore surface and the other at a depth of
about 0.03 inch and (iii) that the total nitrogen content of a layer within
0.003 inch of the bore surface was increased not only by the"tagged" nitrogen
but also by ordinary nitrogen; this might be due to migration from deeper
layers or reaction with nitrogen from prupellant gases diluted with air.

Sulphur

Sulphur is present to the extent of about 0.1% in the propellant charges
of most guns. Experiments with radioactive sulphur in a rifle showed that
4% of the sulphur in the charge became incorporated in the bore surface after
firing a single round and that only 5 per cent of this sulphur remained after
firing an additional 40 rounds of normal ammunition. Other experiments carried
out in a vent-plug apparatus showed that erosion was s1g ificantly reduced by
the elimination of sulphur from the vrimer and charger' 3 '.
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of a test piece the main mass of which was continuously water cooled. A
wedge shaped test piece, the narrow edge of which was subjected to repeated
heating, was designed to restrain thermal expansion in the direction of
this edge and thus produce uniaxial strains which approached the maximum
values. To this end the edge was made narrow to minimize transverse
strains, the length of the edge was made large compared with the depth of
heating, and the base of the test piece, which was cooled by a high vel? y
stream of water passing through its length, was made relatively massive

Effect of decoppering agents on bore cracking (17 & 18)

Serious cracking was experienced in a 3 inch NI barrel which was sub-
jected to repeated cycles of severe thermal stress. However the estimated
stresses did not seem large enough to explain the observed rate of cracking
and it was suspected that traces of lead or lead-tin alloy, which were known
to be present on the surface, were accelerating cracking. Some thermal fatigue
tests were therefore put in hand using the above equipment.

Notched specimens of 2-1/2% Ni Cr Mo steel were used to investigate
the rates of crack propagation and it was found that with a cycle of 40 -
6000C contact with lead increased the initial rate of crack propagation by
a factor of 7 (Fig. 3.4). Contact with a lead-tin solder increased the
factor to 25. Expressed in another way, the contact with a lead-tin alloy
had greater effect on the rate of cracking than an increase in the peak
temperature of 100 0 C. The cracks produced were intergranular. Fig. 3.5
shows intergranular penetration by decoppering compounds in the bore of a
4.5 in. gun barrel.

However it appeared that neither of the low melting point metals had
any effect when the peak temperature in the cycle was less than SOO0 C. This
was interpreted to mean that a critical tensile stress is required to pro-
duce the intergranular penetration. The tensile stress increases as the
temperature falls but at some point the contaminating metal solidifies and
can then have no further effect. This is probably one reason why lead,
with its higher melting point, is less damaging than the lead-tin alloy,
and presumably zinc would be less harmful than lead.

Experiments with un-notched specimens, showed that the contaminating
metals did not eliminate the induction period before the first cracks were
observed, but the lead-tin alloy greatly reduced it. Lead was not nearly
as effective in starting the cracks, and an atmosphere of hydrogen had to
be used to preserve the lead until cracking started. Once started it pro-
ceeded very rapidly and the molten metal could be seen to exude in droplets
when the cracks closed up during the heating part of the cycle, and to be
sucked back into the crack on cooling,

With a cycle of 400 to 850*C, giving repeated phase changes, the
effect of contaminating metals on crack initiation was not so pronounced
but crack growth was very rapid. When a crack eventually started it would
proceed through the martensitic layer in two or three cycles and after a
slight pause it would then set off into the underlying metal at a rate
that was almost equally great.
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Carbon

Radioactive tracer experiments showed that carbon of single base pro-
pellant gases penetrates the bore surface during the first round, that is,
before a crack system has developed. The depth of penetration was not
greater than 0.0003 inch. At the surface the percentage of the total carbon
derived from the propellant was about 8 but passing to deeper layers the
percentage dropped rapidly. The penetration was found to increase with
the temperature attained by the bore. With double base propellant the car-
bon did not penetrate the bore surface and was only present in a very thin
surface layer. This result is in agreement with independent observations
that with such propellants iron oxide rather than cementite is the principal
chemical alteration product in the bore surface, and it is also in agreement
with thermochemical calculations.

Carbon monoxide

The reaction of carbon monoxide with steel has been studied by exploding
mixtures of CO and 02 at various high initial pressures and alj 9X'ng the
products of explosion to pass through steel erosion vent plugs -. The
erosion was found to increase with the percentage oxygen in the original
mixture, but this also increased the flame temperature of the explosion.
In other experiments the same products of explosion were obtained but at
reduced flame temperature by diluting with CO . These experiments showed
that erosion was insensitive to the compositign of the gases as long as the
CO was in excess of CO2. When the proportion of CO2 was nearly as high as
that of CO erosion was enhanced, apparently because oxidation of the steel
became important. In further experiments minute quantities of H S, NH3 or
H2 were added. These caused considerable increase in erosion. The increase
was most pronounced with H2 S when the flame temperature was low. These re-
sults were provisionally explained by the hypothesis of formation of volatile
iron carbonyl. This was confirmed by experiments in which iron carbonyl
was identified in gases collected from the erosion vent. Further the
amount collected was shown to be increased by the presence of sulphur, which
is known to be a catalyst for the formation of iron carbonyl. Similar re-
sults were obtained by collecting the gases from a rifle firing ordinary NC
propellant.

Free radicals

The existance of free radicals in the flame region of burning cordite
is a necessary postulate in all existing theories of the mechanism of burning.
At gun pressures the thickness of the main flame zone is very small, of the
order of a few microns. That is to say, the main reactions of combustion
are completed within this short distance from the cordite surface; consequently
it is not to be expected that a significant concentration of the radicals
participating in the main burning-mechanism will be found much beyond this
distance from the cordite surface. It does not seem possible to form a
quantitative estimateof the likely concentration of radicals in the vicinity
of the walls since little or nothing is known as to the nature, distribution,
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and conditions of motion of the intermediate decomposition products, as a
whole, in the gun. And it must be borne in mind that other highly-active
bodies besides fre6 radicals will be present in a gun-chamber, e.g. elec-
tronically excited potassium atoms, and other atoms and molecules such as
CO2 in high-energy states.

THE ROLE OF THE ALTERED LAYER

Chromium plated bores

There is considerable evidence that the thermally altered layer in a
gun bore assists erosion. In chromium plated bores, where the plating is
thick enough to provide an effective thermal shield, no altered layer is
evident in the basis steel. Gases may however penetrate down the micro
cracks in the plate and, by thermo chemical reactions, cause pockets of
altered structure in the steel. Spreading of these areas may link up
under the plate causing plateaux of chromium to be raised from the bore and
subsequently pulled out to give rise to small areas of erosion. Thermally
altered structure can obtain under thick plating at the corners of lands,
(Fig. 1.4) and assist stripping of the plate.

Where plating is too thin to prevent overheating of the basis steel
altered layers form under the plating causing rippling of the plated surface
and early removal of same from the bore.

Mechanism of formation of altered layer

The role of the altered layer in the erosion of gun steel is thus
probably as follows. During the early period of the firing of a single
round, little happens except that the surface layer of the steel is softened
as it is heating to the critical temperature. During the middle period, the
surface layer becomes and remains austenitized. Concurrently, rapid chem-
ical reactions occur between austenite and the powder gases, and carbon and
nitrogen may diffuse inward. The chemical reaction products may actually
be formed in a liquid or plastic state and be partially or entirely removed.
During the late period, the surface layer is drastically quenched by the
flow of heat into the cold metal away from the bore. The austenite trans-
forms into brittle martensite concurrently setting up considerable trans-
formation stresses which may actually crack the martonsite. A cracked
martensitic layer is left which is surmounted by a thin "white layer" which
may contain austenite stabilized by products of the chemical reactions
particularly carbon and nitrogen. During a subsequent round, removal of
the "white layer" may start almost at once since the necessary ingredients
are already to hand.

Effect of stress on rate of erosion

It seemed possible that the presence of stresses in the bore surface
when it is subjected to the erosive action of the propellant gases right
have some effect on the rate of erosion. An experiment to check this point
was carried out by US iavestigatorsC2 S). An erosion vent was stressed in
such a manner that the vent surface was under known tensile stress on one
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of its diameters and under known compressive stress on a diameter at right
angles. The effect of the applied stress on the erosion seemed to be negli-
gible. This result was confirmed by NPG in experiments with autofrettaged
and non-autofrettaged 3"/50 barrels fired with N propellant.

Where residual longitudinal tensile stresses at the bore are sufficient
to promote bore cracks preferentially in the circumferential direction, the
lips of these cracks elevate above the normal bore surface and are readily
eroded; these cracks may form sources of turbulence in the outer layers of
the propellant gases and produce conditions of localized erosion or scoring.

MUZZLE WEAR

Muzzle wear is brought about by abrasion and is usually associated with
groove marking on the projectile. The fundamental cause appears to be
failure of the driving band to keep the rear of the projectile centered in
the bore. While the projectile is centered the radial forces due to the gas
pressure exerted on the surface of the projectile behind the driving band
are in equilibrium. But if the bard fails to keep the projectile centered
and allows the base to touch the bore, then the gas is prevented from acting
all round the circumference and there is no longer equilibrium but a resul-
tant force tending to push the projectile into firmer contact with the bore.
A high bearing pressure is thus set up between the base of the projectile
and the bore, and this gives rise to abrasive wear of both the bore and the
projectile, and muzzle wear and groove marking are observed.

It will be seen that owing to the rotation of the shot, this abrasive
action, which is localized on one side of the bore, will tend to follow one
group of lands. Further if the failure of the driving band is due to some
local imperfection of the bore, such as scoring, the orientation of the
abrasive action is likely to be repeated from round to round and thus lead
to spiral wear.

Muzzle wear, in the absence of overall bore wear, sometimes occurs in
guns which fire copper driving bands. It appears that the high thermal con-
ductivity of copper enables such bands to be heated to an appreciable depth
by the heat generated by friction at the band-bore interface, and thus soft-
ened. This softening is presumably responsible for the failure of the band
to keep the projectile centered.

CONCLUSIONS

General Erosion

Summing up the conclusions of the previous sections we arrive at the
following general picture of the erosion of gun barrels. The erosion of
gun barrels is caused by a combination of a number of effects, the extent
to which each one contributes being different for different ballistic con-

ditions. The steel of the bore surface undergoes thermal alteration from
the heating by the propellant gases and it reacts with certain constituents
of these gases to form iron carbides, nitrides, oxides and sulphides. These
compounds are liquified at temperatures below the melting point of steel,
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and are brittle when cold. Hence in some cases they seem to be blown off
the bore surface by the propellant gases while in a fused condition, while
in other cases they seem to be rubbed off the surface by the projectile.
Some of the iron has been shown to be removed by the formation of volatile
iron carbonyl, but the extent to which this process contributes to the re-
moval of iron is not yet known. Cracking of the steel surface by the ther-
mal and mechanical stresses imposed on it by the propellant gases and the
projectile is facilitated by its chemical and thermal alteration, and the
cracked surface in turn is more susceptible to chemical attack.

Severe erosion

The severity of erosion is largely determined by the peak temperature
attained by the bore surface. But the correlation of the rate of erosion

Sth temperature does not indicate a purely thermal process but rather the
influence of temperature on the rate and type of chemical reactions between
the steel bore and the propellant gases. Severe local erosion known as
"scoring" may result where bore cracks are deep enough to either permit gas
escape past the driving band, or to cause local turbulence of the gas
stream, thereby exaggerating the general bore thermo-chemical reactions which
may be exothermic in character.

Enlargement of the bore at the muzzle

The erosion of guns at the muzzle differs fundamentally from that at
the commencement of rifling. In general it is due to abrasive wear, either
caused by the driving band, if of steel, or failure of the driving band,
if of copper, allowing the steel body of the projectile to make contact with
the bore. In the latter case groove marking of the projectile takes place.

MEASURES TO CONTROL EROSION

General Considerations

Erosion can be reduced either by reducing the potency of the erosive
conditions or by making the bore more resistant to erosion. The alternative
is to accept erosion as inevitable and to endeavour to reduce the effects
of erosion on gun performance. It is found that these three lines of
approach to the gun erosion problem are not independent and improvement on
one tents to benefit the others. Consequently all are important.

It has been seen that the potency of the erosive conditions is predom-
inantly controlled by thermal effects, in particular by the maximum temper-
ature attained by the bore surface. Mechanical and chemical effects are
by themselves less important. Muzzle wear is fundamently different from
the erosion at the commencement of rifling since it is not due to thermal
action of the propellant gases; it is therefore considered to be outside
the following scheme and is treated separately. The above considerations
in relation to the gun erosion problem can be summed up as follows.

1.3-22



Reduction of Reduction of Reduction of
erosion potency of erosive -by max. bore

conditions surface
temperature

Reduction of
mechanical
effects

reduction of
chemical
effects

Increased
erosion
resistance of
bore

Reduction of
effect of
erosion

Temperature is the general regulator of all erosive changes and is
therefore of over-riding importance. The temperature achieved by a bore
surface and underlying points during firing will control any melting of the
bore surface or thermal transformation of the wall material. These temper-
atures will also control the nature and rate of chemical reactions at the
surface and will influence the mechanical strength, ductility and hardness
of the wall material and will thus affect abrasion, deformation and the
cracking of the bore surface which occur during firing.

A reduction in bore surface temperature can be achieved by (a) use
of cool propellants, barrel cooling, and boundary layer techniques (b)
the super calibre principle and (c) mechanical design to reduce gas turbu-
lence at commencement of rifling and to provide an efficient gas seal on
the projectile.

A reduction of the mechanical effects can be achieved by a'reduction
of the frictional drag of the driving band either by design of the band or
the use of a non-metallic band.

CONTROL OF HEAT TRANSFER

Cool propellants

One of the principal factors which determines the heat transfer to the
bore is the temperature of the propellant gases. As a relatively small re-
duction in the maximum temperature attained by the bore surface produces a
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large reduction in the rate of erosion, cool propellants, that is pro-
pellants producing relatively cool gases, provide a very powerful means
of combating erosion.

The adiabatic flame temperature of a propellant can be adjusted over
a wide range by relatively small changes in the proportions of secondary
constituents. The other main characteristics of the propellant are not
sensibly altered. The following tables gives the composition and flame
temperatures of a series of piorite propellants with the same basic com-
position but with flame temperatures ranging from 1700*K to 24500K.

F.487/44 F.487/45 F.487/46 F.487/47
%Composition CERDE experimental compositions)

Piorite 60 60 60 60
Gun cotton 20 20 20 20
D.G.N. 17.36 14.22 11.16 7.90
Dibutylphthalate - 3.14 6.20 9.46
Carbamite 2.64 2.64 2.64 2.64

Flame temperature OK 2450 2200 1960 1700

'Force' constant 62.5 58.0 53.3 47.6
(tons/sq in/gm/cc)6
or (lb in/Ib) x 10 3.87 3.60 3.31 2.95

Charge weight

The ballistic performance of a propellant is determined basically by
the value of its 'Force' constant. It will be seen in the above table that
the value of this constant decreases with decreasing flame temperatures.
This is equivalent to stating that a cooler propellant has a smaller amount
of potential energy per unit weight. It thus appears that the use of a
cooler propellant will require a larger charge weight to obtain the same
ballistic performance. The ballistic performance of cool propellants is
not quite as simple as "the cooler the propellant the heavier the charge
weight" though this is true. There are some factors inherent in the internal
ballistics of guns which react favourably to cool propellants, which on this
account can be used more efficiently than hotter propellants.

Gun Length

it should be mentioned here that a mere increase in charge weight with-
out increase in gun length is not a satisfactory way of changing over from
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a hot to cool propellant. The proportions, or the expansion ratio of the
gun, should be preserved. On this basis the proportional increase in
charge weight is rather less that the decrease in 'force' constant and
about half the decrease in flame temperature. For the extremes of the
propellant series quoted above the relevant ratios are:-

Flame temperature 1.44 : 1
Force constants 1.32 : 1
Charge weights and gun lengths about 1 : 1.25

Functioning

As regards the functioning of cool propellants in guns, there appears
Lo be a rceater chance of alternative reactions on burning so that there
may be some variation in the resulting gas composition which may be respon-
sible for inferior regularity in performance. Comparative trials in a Q F
3.7-inch Mks. 1 - 3 A A gun between German Digl propellant (T = 21250 K) and
British N/S propellant disclosed no significant d4firence at 80*F but at
120OF the German propellant was markedly inferior• '. The m. d. in M. V.
was twice that of the British propellant and the drop due to charge tem-
perature was much larger. On the other hand experience with British cool
propellants also in comparison with N/S indicate good regularity and a
lower temperature coefficient.

Effect in Q. F. and automatic fire

The effectiveness of cool propellants in reducing erosion was demon-
strated in comparative firing trials: the amount of wear with propellant
(F.487/46) having a flame temperature of 19600K was only 1/50 of that with
Propellant N which has a fiame temperature of 24500 K.

Although cool propellants are effective in reducing erosion by lowering
the peak temperature attained by the bore surface, the reduction in the total
heat transfer to the barrel is not large and consequently cool propellants
do not give much help in the problem of the heating of.a gun barrel in a
burst of fire.

Super-Calibre Principle

In the super-calibre system the diameter of the projectile in flight is
less than the calibre of the gun from which it is fired. While in the gun
the projectile is centered. driven and rotated by a light carrie'r of bore
diameter. This carrier is either discarded at the muzzle, or deformed be-
fore the muzzle is reached, so that the calibre of the emergent projectile
is less than that of the gun. The primary result of applying this principle
is to reduce the length of the gun required to impart a given muzzle velocity
to a given projectile. This is because it is volume linked with pressure
which corresponds to the useful work performed by the gun, and consequently,
by increasing the cross sectional area, the same volume can be obtained with
a reduced length of gun.
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In the semi-empirical formula developed by Thornhill, referred to
previously, the value of charge weight divided by the square of the calibre
is a most important factor in determining the severity of heat transfer.
The Super-Calibre Principle by increasing calibre without significantly
increasing the charge weight thus has a strong influence in reducing ero-
sion. An example to indicate the power of this approach is provided by
the Q.F. 6 pr 7 cwt and .Q.F. 25 pr guns. Both impart about the same
kinetic energy to their projectiles, but with the same propellant NHi, the
life of the Q.F. 25 pr gun is about 10 times that of the Q.F. 6 pr. This
is because its calibre is about 50% greater making the charge weight over
calibre squared factor about half that in the 6 pr gun.

CONTROL BY NILCIIANICAL [)LSIGN

Position of-gas sealing device

The bore is not uniformly heated on firing; the part of it which is
subjected to the most intense heating and which attains the highest tem-
perature is that immediately behind the gas sealing device of the projec-
tile when the latter is in its loaded position. The magnitude of the
maximum temperature attained by other parts in the bore falls quite rap-
idly immediately forward of this position. One result, which has been
noted, is that erosion is confined to the breech end of the rifled bore
and becomes rapidly less as the point considered moves towards the muzzle.
In the conventional design of ammunition for Q.F. guns, the sealing device
is the copper driving band and the ammunition is assembled with this outside
the cartridge case. The most severe heating conditions are therefore ap-
plied to the steel bore immediately in front of the cartridge case mouth.
If, however, the driving band or supplementary sealing device is initially
positioned inside the cartridge case, then it will be seen that the most
severe conditions do not fall on the steel bore, but on the cartridge case,
and, in view of the decrease of the maximum bore temperature with distance
forward, an appreciably lighter heat load is applied to the steel bore.
The results of a wear trial in a Q.F. 3.7-inch Mk. 1 A.A. gun with sealing
cups showed a reduction of 40 per cent in the rate of wear, and this is
probably in~ltive of the order of the advantage which can be obtained
in this way•'.

Fisa protector (28)

Very similar to the above is the US Fisa protector which consists
of a very thin, slightly tapered sleeve of soft steel slid over a complete
round of ammunition so that one end surrounds the neck of the cartridge
case and the remainder covers the projectile nearly as far as the bourrelet.
The sleeve is locked to the cartridge case during firing by the expansion
of the neck of the case, which is forced by the gas pressure into several
square holes out into the cartridge case. American experiments, which
were carried out with 0.S in. 0.60 in. and 37 mm ammunition, showed that
the scheme was successful in protecting the commencement of rifling and
as a result there was very little pressure and velocity drop. It was found
that for proper functioning of the sleeves it was necessary to cadmium-
plate or Parco-Lubrize the steel sleeves to reduce the coefficient of fric-
tion between band and sleeve.
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Countersinking the mouth of the cartridge case

Reference has been made to the severe erosion which takes place at
the mouth of the cartridge case, and it has been suggested that the dis-
continuity of the surface over which the propellant gases flow is respon-
sible for an appreciable increase in the value of the Fanning factor.
It has also been suggested that the increased heating which would then
result is responsible for the observed difference in the rates of wear
between B.L. guns and Q.F. guns, Q.F. guns wearing at about twice the rate
of similar B.L. guns. If this hypothesis is correct a substantial de-
crease in the rate of wear in Q.F. guns should result from countersinking
the mouth of the cartridge cpse. This principle is illustrated in Fie. 5.1.

A countersunk cartridge case mouth was in fact subjected to trials in
a modified Q.F. 4 inch Mark 16 gun, and it was concluded that this had been
successful in reducing the rate of wear. But there were other changes in
design, including the provision of sealing rings, which could have been
responsible, or part.±y responsible fur this improvement.

Heat transfer from bore to exterior

In firing a single round, barrel cooling can have no conceivable effect
upon the maximum temperature attained by the bore surface and hence upon
the amount of erosion. In a burst of automatic fire, each round imparts to
the gun barrel an amount of heat which is sufficient to raise the temper-
ature of the whole barrel by about I or 2*C.

During the firing of the first few rounds of a burst this considerable
amount of heat is confined to the bore layers before dissipation to the rest
of the barrel material. Even if the rate of fire is low the natural cooling
of the barrel is so slow that only a small proportion of this heat escapes
from the barrel. For the high rates of fire appropriate to AA guns still
less heat can escape by natural cooling during a burst and there is insuf-
ficient time between rounds for the temperature across the barrel section
to even out, and thus the temperature at the bore immediately before a round
is fired is appreciably higher than for the previous roand. This rise in
the temperature of the bore surface at the instant of firing does reduce
slightly the heat transfer from the hot propellant gases to the bore so
that the peak temperature attained by the bore during firing is increased
by rather less than the rise in the initial bore temperature. But the
increase in the peak temperature is large enough to raise the rate of ero-
sion appreciably.

Reduction in strength of material

The general heating of the gun barrel during a burst of fire gives
rise to a new factor tending to cause bore enlargement. In firing a single
round, the driving band acts on a cold bore, which may or may not have been
damaged by the action of the propellant gases in the preceding round. In
a burst of fire the temperature of the bore in contact with the driving
band may be sufficiently high for the hardness and strength of the bore
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surface to be impaired. If this is so, then, independently of the ero-
sion due to the peak bore surface temperature brought about by the pro-
pellant gases, appreciable bore enlargement may take place. Thus in a
gun designed to fire at a high rate, there are two thermal conditions
which may lead to rapid wear; the temperature of the bore surface imme-
diately before the next round is fired and the peak temperature attained
by the bore surface.

The peak temperatures attained by the bore surface, can be controlled
adequately by the flame temperature of the propellant, but the general
heating of the gun barrel cannot be controlled sufficiently in this way.
The only courses available for this are (i) limitation of length of burst
and (ii) forced cooling of the barrel.

Forced barrel cooling

Two principal methods of forced barrel cooling have been suggested;
cooling of the bore surface by a liquid spray injected between rounds and
forced convection cooling of the outside of the barrel. Injection cooling
is a basically sound idea, for its object is to cool the bore surface
directly. Several systems have been developed and tested experimentally,
but none has been successful at really high rates of fire. It is difficult
to inject a sufficient volume of fluid along the bore during the short time
interval between rounds, but the main difficulty appears to be that only a
small fraction of the available heat capacity of the coolant is usefully
employed. Injection cooling has at least one important disadvantage; it
causes increased band pressures.

The external surface of the barrel, can, in principle, be cooled by
a stream of either liquid or gas, and some aircraft weapons are air-cooled.
This is, of cogrse, a convenient method in this particular case, but as
regards Naval and Land Service weapons, liquid cooling is more convenient
and far more efficient.

The possibilities of forced cooling of the barrel are mainly determined
by the temperature gradient across the barrel section. The gradient is de-
termined by the average rate of heat flow into the barrel, and is thus di-
rectly proportional to the rate of fire. In the conditions being considered,
the temperature gradient is of the order of several hundred degrees Centi-
grade per centimetre. It follows that cooling must be made very near to
the bore if it is to be effective. This limitation has led to the develop-
ment of a modified method of forced convection barrel cooling in which
coolant flows along a fairly large number of isolated channels within the
barrel wall itself. These channels can be cut longitudinally in the outer
surface of a thin liner which is then shrunk into the barrel. With this
arrangement the coolant can be brought much nearer to the bore surface,
but it is still difficult to have the cooling channels as near to the bore
surface as appears to be necessary whilst maintaining the strength of the
liner. This method is known as inter-face cooling. The problem does not
end with the transfer of the barrel heat to the coolant flowing in the
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channels. The amount of heat to be disposed of is very large and neces-
sitates a rapid flow of coolant and a large radiator or reservoir for its
eventual dissipation. Also the coolant must be recirculated to conserve
additions such as antifreeze and anti-corrosion compounds.

Hfigh conductivity Materials

The problems of cooling stems from the slow nature of heat conduction.
This could be accelerated if the barrel material had a higher coefficient
of heat conductivity, and consequently some consideration has been given
to the possibility and advantages of using such materials as liners for
gun barrels.

The heat transfer per round and peak bore surface temperature occurring
during the firing of a round are both affected by the thermal diffusiv ty
of the bore material. Roughly the heat transfer is proportional to KI 6

and the peak bore surface temperiture to K-1 /3 where K is the thermal dif-
fusivity. For steel K = 0.08 cm /sec; for copper K a 1.1: so that changing
the bcre material from steel to copper would halve the peak bore surface
temperature rise but increase the heat transfer by 50%. This would increase
the difficulties in the ultimate removal of the heat from the barrel. A
liner of a high conductivity material with a bore coating of relatively low
conductivity material such as chromium would avoid this disadvantage. The
thermal conductivity of chromium is such that with it the heat transfer is
only slightly greater than that for a steel bore. An analysis of high con-
ductivity liners under conditions of automatic fire suggested that there is
probably no advantage in the case of the uncooled barrel but there may be
a definite advantage in the cooled barrel if thermal equilibrium is approached.

BOUNDARY LAYER COOLING

A variety'of experiments have indicated that transverse mixing of the
propellant gas stress down the bore of a gun takes place only to a limited
extent. It is thus possible to have a relatively cool layer of gas in contact
with the bore surface while the main stream -is hot. In this way the advan-
tages of cool propellant with regard to heat tr&nsfer can be realised without
their disadvantage in having a intrinsically lower ballistic performance.
Such a cool boundary layer can be obtained by surrounding the propellant
charge with a suitable material, which burns with the propellant but produces
far cooler gases.

The principle of using inert material to cool the boundary layer gases
has been recognised for many years. Experiments with the charge contained
in a silk bag or stocking showed a considerable reduction in wear. This may
account in part for the difference in wear rate between Q.F. and B.L. rounds.
A similar technique has been used by the Russians. Their cased charges are
frequently contained in a cloth bag with a waxed paper liner between the
bag and the cartridge case.

Lined cartridge cases

Extensive trials have been carried out by CARDE with high density poly-
urethane foam liners in the cartridge case to produce a cool boundary layer( 30 ).
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A considerable reduction in wear was obtained and in some guns it was
reduced to negligible proportions. These trials confirmed that flow of
propellant gases in a gun bore is laminar.

In the UK. trials in he 10S mm Tank gun have also shown an appre-
ciable reduction in wear. The wear caused by 240 APDS rounds was .010
ins at 1 in C of R indicating a life of about 2000 rounds or a ten fold
more use in life. However wear further along the bore would probably
result in barrel being condemned for accuracy at some earlier stage.
In the U.S. large reductions in wear have been obtained in large calibre
naval guns. In the 6"/47 case gun a 60 fold increase in life was ob-
tained.

Combustible cartridge cases

These also act as boundary layer coolants as the gas produced by the
case is much cooler than normal propellant gases. In the 120 mm Tank gun
combustible cased rounds reduce wear by a factor of 3 approximiately com-
pared to the bag charge round. The combustible case has the advantage
that it is contributing some energy to the round and not merely occupying
valuable space in the chamber. Limited experiments have shown that a
thin cylinder of combustible case material used as a liner in a metal
cartridge case produces substantial wear reduction without the disadvantage
of an inert liner referred to immediately above.

Wear additives

The Swedish Wear Additive originally consisted of oxides of titanium
or tungsten incorporated into paraffin wax in approximately equal proportions
of oxide and wax by weight and coated onto a rayon cloth. The weight of
material used was about 3% of the propellant charge weight. This liner is
positioned in ,contact with the cartridge case wall at the front end of the
charge. In the 105 mm Tank gun the U.S. obtained a 20 fold reduction in
wear at C of R with tungsten trioxide and a 100 fold reduction with titanium
dioxide. Experiments in the U.K. with titanium dioxide and in France with
tungsten trioxide gave comparable results. 'The reduction in wear is greatest
at the C of R region and after a few inches of shot travel wear proceeds at
a more normal rate. This sometimes causes the position of maximum wear to
be several inches forward of C of R. In recent work in the U.S. it has been
shown that very fine magnesium silicate (talc) is even more effective in
reducing wear than titanium dioxide. Further refinements have been a change
from rayon to dacron as a substrate and the addition of a thin plastic film
over the wax to protect it from the abrasive action of propellant granules.

The reduction in wear due to the Swedish Wear Additive is probably the
result of a combination of effects. There will be a boundary layer effect
from the cloth and the wax. It is also thought that the finely powdered
oxides or silicates reduce the transmission of heat from the main gas stream
across the boundary layer to the bore surface. The third effect is probably
the protection of the bore surface by a coating of a grey white powder. This
deposit has been found by all countries using the additive. A "memory" effect
has also been noted by both the U.K. and the Netherlands.
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Additives incorporated in the propellant

The Swedish Wear Additive can not be used in small calibre weapons
and it sometimes leaves unacceptable residue in the gun. This has led to
investigations into the effect of incorporating titanium dioxide or talc
into the propellant. Work in the U.K. has shown that the addition of 2110
Ili), to -iorite propellant reduced its Force and the basic composition had
to 6e "hctted-up" in order to match the ballistics of the service propellant
','hen fired in the 105 mm Tank Gun the propellant containing rio, reduced
wear to about 20 to 25% of normal. In Canada very large reductions in wear
have been obtained in small calibre weapons when 210 Talc was incorporated
into the propellant. Reductions in wear have also been obtained by coating
the propellant granules with talc and by placing small bags of talc on top
of the propellant charge.

SH.EAI1A TECHIN IQUES

Frinciple

A method of reducing heat transfer to the bore surface, tested exten-
sively in the U.K., involved applying a film of a substance to the bore of
a gun immediately after the passage of the projectile. The substance was
to act as a temporary thermal barrier against the following propellant -ases.
Successive rounds would clear the bore of previous deposits and deposit their
own film behind them. It was also considered that whilst acting as a thcrmal
barrier the surface smoothness of the film would reduce heat transfer arising
from micro turbulence at the gas/bore surface interface. A wide variety of
substances were tested and the substances were referred to as "smears", (.1).

Properties of a good Smear

There is little difficulty in specifying in general terms many of the
properties desirable in a smear. It must wet steel; it should be sufficiently
mobile to be spread easily, but must be sufficiently viscous to resist re-
mov'l as spray; it should be a poor conductor of heat; it should have a low
vapour pressure; it should have a high decomposition temperature; the vapour
or the products of decomposition should themselves be effective as a therralu
barrier; the life should be a big fraction of the "time up the barrel" but
should not exceed it. Such considerations explain the wide variety of materials
evaluated.

Silicone oil, method of application and results

The greatest reduction in heat input to bore was achieved by the use of
silicone oil as a smear. The reduction was about 30%. The vehicle used as
a rigorous test of the efficacy of silicone as a smear was the 3 inch Mark
NI gun. The fixed amnmunition fired in this weapon was modified to carry
110 gramns of a silicone oil (viscosity 60,000 centistokes) contained in a
P V C capsule situated at the base of the projectile; the assembly is shown
in FiR. 5.2.
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The gun barrel consisted of a relatively thin liner which was shrunk
into a jacket, the jacket carried longitudinal water coolinR channels in
it's inner surface. The rifled bore was plated with chromium, 0.OOb in.
radial thickness, and the rifling was of the "disappearing" form, Sequences
of ou rounds each C- x 15 round hiurst.) were fired at a rate of 120 r.p.m.;
MuzZlC velocity was 3,4(10 f.s.

Initially the required gun life was 800 rounds and this was barely
achieved with "traditional" ammunition, The omission of decoppering com-
pounds from the ammunition reJuced the rate of wear and increased gun life
to -,bout Ibt() rounds. With the incorporation of silicone smear in the round
wear was drastically reduccd(32. Nil wear was recorded over the first 40%
of the rifled bore after fi:'ing more than 2,000 rounds. Figure 5.3 compares
wear at C of R when firing ammunition (containing no decoppering agents) with
and without smears. Muzzle velocity was well maintained with the smear am-
munition and a comparison of this aspect when firing both types of ammunition
is shown in Fig. 5.4. Wear was normal in the Forward part of the bore.

The smear technique is effeýctive over a greater length of the bore than
cartridJe case liners or additives. The only serious difficulty experienced
with it was that the capsule was not strong enough to stand up to rough usage.
This resulted in odd rounds giving velocities about 200 ft/s low when the
silicone oil got mixed up with the propellant.

P•LLUCTION O(r MECHiANICAL EFFECT

Lffect ,"f iriving band on erosion

Althiough the rate of erosion is mainly determined by the maximum tem-
perature attained by the bore surface, the driving band can, and in many
service equipments does, play an important part. For example in the Q.F.
17 Pdr tank gun, 3 ins calibre, the rate of wear in a new gun is reduced by
about 3U% with projectiles with lighter cn-per bands and by about 40% with
projectiles without driving bands. As the gun wears the driving hand effect
diminishes.

The acticn of the driving band in promoting gun wear is mainly one of
frictional drag. This acticn of the driving band can be reduced either by
reducing, the radial prCssure of the driving band on the bore, or by reducing
the value of the creffiziert of friction, or both. Frictional drag of the
driving )and is the principal factor determininr the velocity drop in a worn
gun and consequently its reduction will not only reduce the rate of erosion
but also reduce the velocity drop for a given amount of wear. Frictional
drag can be reduced by the use of (i) Pro-engraved projectiles (ii) sintered
iron bands (iii) skirt bands and (iv) Non-metallic bands.

1'ro-engraved projectiles

,1 pre-engraved projectile is one which is already provided with teeth
to match the grooves of the rifling before being loaded into the gun. Radial
forces between the band and the bore are thus reduced to a minimum and the
band can be coated with a material to reduce friction. This scheme received
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considerable attention in the U.S. and the expected reduction in the rate
of erosion was achieved. For application to service weapons it is neces-
sary to provide some means to ensure that the rifling of the projectile
will mesh with the rifling of the barrel under service conditions. Although
technical solutions tc this loading problem are possible it remains a dis-
advantage and must limit the amount of gun wear that can be tolerated.

Sintered iron bands

Sintered iron bands were introduced during World War II by the Germans
because of shortage of copper. They then discovered that these bands gave
appreciably less'wear than copper bands at the C of R. This is due to a
slightly lower band pressure and a small coefficient of friction, The use
of sintered iron was investigated in the U.S. Canada and U.K. in a wide
variety of guns. In general wear at C of R was reduced but abrasive wear
occurred throughout the bore. As a result guns were frequently condemned
for accuracy before the condemning limit for wear near commencement of
rifling was reached. In these trials the design ?S3yand was the same as
the copper band and only the material was changed . Additional trials
were carried out in the 17 Pdr gun with a specially designed band( 3 4 ).
Wear was reduced by 22% at 1" C of P and there was practically no abrasive
wear. There was no muzzle wear of the type associated with copper bands
and velocities of 3000 ft/s and above. Another notable feature of these
experiments was the absence of the ballistic phenomenon called "downward
crash" with the sintered iron bands. Loss of MV with wear was also much
improved.

Skirt bands

Skirt bands of mild steel also give less erosive wear than copper
bands partly due to better gas sealing. In trials in the 2 Pdr David gun
(40 mm calibre) wear at lin. C of R after S65 rounds was 60% of that given
by the copper band and muzzle wear was negligible. Loss of M.V. with wear
was reduced and accuracy remained good throughout the trial. Similar re-
sults were obtained in the 6 Pdr 7 cwt gun where wear at 1 in. C of R was
halved with a skirt band. This type of band has the advantage that it will
function at velocities of 3,000 ft/s and above where copper will normally
fail.

Non-metallic bands

Non-metallic bands satisfy the requirements for minimizing the mechan-
ical aspects of erosion namely low band pressure and low coefficient of
fri .ion. This type of band does not exhibit any signs of heating due to
band-bore friction. This is due to the poor thermal conductivity of the
materials normally used which prevents the heat generated penetrating to
any appreciable depth in the band. When copper bands are fired at moderately
high velocities there is evidence of softening and this is considered to be
the primary cause of muzzle wear of the type exhibited by high velocity guns
firing copper bands.
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Most early trials with non-metallic bands were carried out with ebonite.
In all cases a reduction in wear was obtained. The wear rate varied from
7iO of normal in the 40 mm to 25% of normal in the 17 Pdr. Muzzle wear was
insignificant and loss of M.V. with wear was considerably reduced. Similar
improvements in wear were obtained in the U.S. where firings in .500 calibre
machine gun gave a three fold increase in life with ebonite bands.

The only recent evidence in the U.K. on differences in wear rate between
copper and non-metallic bands is in the 105 mm Abbot gun. As the gun is
basically very slow wearing comparisons in rates of wear are very difficult.
however with the super-charge non-metallic, asbestos/resin, bands give ap-
proximately a four fold increase in life.

Reduction of Muzzle and Spiral Wear

Muzzle wear is a roughly symmetrical enlargement of the bore of a gun
at the muzzle. It is greatest at the muzzle and decreases rearwards. Spiral
wear is a special form in which wear is not symmetrical but limited to a
number of adjacent lands. Muzzle and spiral wear take place on the lands
and not in the grooves. The cause is abrasion and in its most severe form
is due to failure to keep the projectile centered in the bore. These phe-
nomena are associated almost exclusively with high performance guns and
copper driving bands. This type of wear can be enhanced by the substitution
of brass or aluminum for copper but it does not occur with sintered iron,
steel skirt or non-metallic bands. This suggests that the thermal properties
of the band material are important but it is not clear whether melting point,
thermal conductivity or strength at elevated temperatures is the important
property.

The phenomenon is associated with high performance guns where the driving
band is subjected to higher forces for a longer time than in medium perform-
ance guns. A reduction in these forces reduces this type of wear. One
method of doing this is the use of rifling of increasing twist. Comparative
wear trials have been carried out in 17 Pdr guns, one with service rifling
of constant twist and one with cubic rifling starting from zero. In the gun
with cubic twist muzzle wear was much less severe than in the service gun.
The same trend was apparent in the results of trials with 6 inch experimental
guns with uniform and increasing twists of rifling.

Another method of improving the functioning of copper bands at high
velocities is the use of disappearing rifling to wipe off the softened copper
as the projectile travels along the bore. This principle was used in the
3.7 inch Mk b gun in conjunction with a long forcing cone and a front can-
tering band on the projectile. This gun functioned satisfactorily at veloc-
ities of 3500 ft/s and its accuracy was still good when the condemning limit
for wear at 1" C of R was reached. Muzzle wear was not significant. Dis-
appearing rifling does not appear to work so well in chromium plated barrels.
A chromium plated 3.7 inch lk b gun developed spiral and muzzle wear and
failed for accuracy after 295 rounds, The life of the service barrel was
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about 500 rounds. It is thought that the higher coefficient of friction
between copper and chromium combined with a higher bore surface temperature
because of the lower thermal conductivity of chromium resulted in a more
rapid loss of copper, leading to early band failure. Disappearing rifling
was also used in chromium plated 37/70 cal guns which were made and used
in both U.S. and U.K. In the U.K. guns, wear at the muzzle was slight but
greater wear occurred between 40 and 80 inches back from the muzzle. U.S.
guns tended to develop spiral wear.

EROLIBILITY OF VARIOUS M.ETALS

Materials and method of testing (35, 36)

Nineteen different materials evaluated in the ARE Gun Erosion Programme
comprised forged steels of various commercial types including mild, rustless,
heat resisting and gun steels; highly alloyed materials of nickel-base and
cobalt-base (including Stellite and Vinertia) types in the cast condition;
"Nimonic 80", a forgeable, precipitation-hardening, 80/20 nickel-chromium
alloy; molybdenum and titanium. Their relative erodibilities by propellant
gases were tested in the form of extractable unrifled short-bore liners in
a specially designed 6-pr/2-pr. gun barrel using plastic banded projectiles
to ensure negligible mechanical wear by the band. The extractable liners
were weighed before and after the firing trials, the weight loss (to 0.01 gm)
thus providing a measure of the amount of erosion.

The main series of trials was carried out with piorite and non-piorite
propellants of similar flame temperature (28000K) and charge weights, with
sizes adjusted to give similar chamber pressures (about 35,000 pounds per
square inch) and muzzle velocities. The charge weight was about four times
that of the service propellant (flame temperature 33000K) used with the
Q F 2-pr. barrel, and this large charge weight produced a disproportionately
rapid rate of erosion in the 6-pr/2-pr gun.

Results

The high nickel alloys proved to be very susceptible to erosion when
tested under these conditions. The molybdenum liner cracked along its length
on firing one round and the liner in titanium alloy Ti ISOA was heavily
eroded after only 5 rounds. Under the conditions of testing the materials
which proved considerably superior to standard British gun steels as regards
erosion resistance were the heat-treatable chjymium rustless steel B.S/S.80,
and the two cobalt-base alloys named Stellite and Vinertin, Fig. 8.1.

Similar comparative erodibility trials were carried out with N.C.M.
gun steel and high chromium rustless steels using pairs of piorite and non-
piorite propellants at flame temperature levels of 2450*K and 3400*K. When
propellants of flame temperature 2450K were used there was a large all
round reduction in the rate of erosion, while the superiority of the high
chromium steel over N.C.H. gun steel and the advantage of piorite over non-
piorite propellants were both increased. When however propellants of
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flame temperature 3400*K were employed the high chromium steels were found
to be more erodibile than N.C.M. gun steel under the conditions of testing,
a result attributed to incipient melting conditions.

Discussion of results

The relatively poor resistance to erosion exhibited by the high nickel
alloys is possibly due to the sulphur content of the propellant gases.

Owing to their affinity for one another, penetration of a nickel sur-
face by sulphur proceeds very rapidly at temperatures in the 5006C - 650 0C

region, so rapidly that any time effect is negligible. Penetration of
nickel by sulphur has not been observed at temperatures below 4000C, but
when it does occur it forms a very brittle surface layer. Also if suffi-
cient sulphur is present at any local point on the surface to form a
nickel/nickel sulphide eutectic (21.5%S), this constituent melts at the
low temperature of 645 0C.

The cracking of the molybdenum liner was no doubt due to its high
modulus of elasticity compared with that of the backing steel. The tita-
nium liner showed obvious signs that exothermic oxidation of the bore sur-
face had occurred.

Titanium is more highly reactive than iron (1 gm of Ti oxidizing to
Ti02 liberates 4,570 calories, 1 gm of Fe oxidizing to Fe2 03 liberates
1750 calories). Figure 8.2 shows the bore surface of the Ti liner after
firing 5 rounds with piorite propellant, indicating ignition at point 'A'
further heating the passing gases to continue the reaction and remove pro-
gressively more material in a fanwise fashion forward of the point of
initiation. The use of non-piorite propellant would have produced more
drastic erosion,

In order to confirm the exothermic oxidation theory, use was made
of the 3.7 inch recoilless gun system. (The chamber pressure in this
weapon was 3.0 t.s.i. compared with 15.5 t.s.i. in the 6 pr/2 pr testing
gun). By this means it was possible to replace some of the service mild
steel venturi throats with Titanium throats and erosion test both materials
in the same environment. Figure 8.3 shows that, after firing only two
rounds with either piorite or non-piorite propellant, the Ti throats were
heavily eroded. In the case of the non-piorite firings the gases issuing
over the Ti throats were super heated by exothermic reaction with the Ti
to a sufficiently high temperature to attack the mild steel of the venturi
trumpets. In contrast the mild steel throats suffered no obvious damage
from either propellant.

Other than when melting conditions obtain, due to the use of very
hot propellants, the trial results showed that the erosion of gun barrels
by propellant gases is caused by exothermic reactions (particularly oxida-
tion to form FeO) in the bore layers. This oxidation theory of erosion
serves to explain the disproportionately rapid erosion which occurs when
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f'i.lc tempcIaturc ot prpell'int, chargc weig:ht or length of automatic
hursts of fire are Individually increased beyond certain values, *which

v;il cs oresurmabhlv determine the incidence of rapid oxidation of the bore
.ur ;tace. This theory also explains why piorite-rich propellants are less

erosive than their non-pioritc eqIiivalents since the high nitrogen content
of the former would have a1 diluent e ffect on the oxidizing potential of
the i'ascs.

Shro-;•i-,iini plating

(i:hromnium platini, is often used for its excellent rcsistaruce to wear,
but in some service components it is also subjected to severe thermal stresses,
'o investigate the behaviour of the plating several test pieces of Ln 25 steel

wcre obtained and the 0.0511 wide faces were plated by standard methods with
a layer of chromiumn O.006" thick. One of the side faces was then polished
ald examined during thermal cycling.

ihe deposit was found to crack very readily and the cracks often ap-
peared suWddenly without evidence of ,radual propagation. Cracks were evident
:ilter I cycle froe 400 to 5"uOOC, after 100 cycles from 400 to 400'C, or after
.;Ut)U cycles from 4(10 to 350 0C. The initial cracks often appeared to stop
just before reaching the steel interface, probably because of the support
received from the steel. Perhaps for the same reason it was found that a
much thinner deposit (0.002") did not crack so readily as the thicker one.

No other metal has been found to crack quite so readily in this test,
not even white cast iron. (Inc reason for this extraordinary weakness is
that the plating is full of microcracks before testing is started. In
addition the deposit contains a residual tensile stress in the as-plated
condition. The stress can be reversed by a heat treatment of 1 hour at
5U°C and this treatment gave some improvement in the resistance to
cracking.

bespite the readiness of the deposit to crack the subsequent rate of
propagation of cracks into the steel was not greatly increased. In fact
this observation prompted the tests which have been mentioned on the in-
fluence of multiple notches, and it was confirmed that the multiple small
notches on the surfaces of the steel had a similar effect on the rate of
cracking to a layer of chromium.

Althougýh the chromium deposits are weak in tension they nave some
strength, and a thick layer presents considerable resistance to compres-
sion. Then appreciable plastic deformation occurred in the steel a thick
deposit of chromium had the effect of localizing the deformation in the
steel onto planes of shear which began at the cracks in the plate. The
effect of repeated phase changes in the steel was eventually to break up
the plating into blocks but the blocks adhered to the steel until they
were undermined by oxidation.
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In high rate of fire guns chromium has been observed to give a
bonus in barrel life by delaying the onset of bore wear. However when
the plating flakes from the bore, pockets of gas turbulence may be
initiated and local erosion may commence. It is therefore considered
that the use of chromium plating in the rifled bores of Lnuns gives only
a limited increase in barrel life.

MiITIGATION 01' TilL EFFECTS ON [ROS ION

Lffects of Lrosion

The main effects of erosion are:-

(i) Lirop in muzzle velocity
(ii) Failure to impart spin

(iii) Inaccurate shooting
(iv) Fuze damage
(v) Failure to arm fuzes.

Loss of muzzle velocity

one reason for tht; loss of muzzle velocity with wear for separately
loaded projectiles is the increase in chamber capacity due to the increased
ramming distance. This can be minimized by making that part of tll( forcing
cone on which the band seats as steep as in consistent with ensuring a firm
grip, say 4%~ and by making the diameter of the gas check on the driving
band as great as is permissible for resistance to handlinp and the avoidance
of damage due to rough usage.

A more important reason for loss of muzzle velocity in all types of
guns is the change in initial resistance to the motion of the projectile.
This resistance has a marked effect upon the ballistics of the gun, and its
variation due to wear is responsible for more than half of the drop in
velocity. Resistance to the motion of the Orojectile in the latter stages
of notion is far less important, and thus the reduction of the initial
resistance by allowing the projectile to travel freely for a few calibres
before the driving band is engraved shows a marked improvement in mainte-
nance of muzzle velocity.

Part of the loss of muzzle velocity in worn guns is caused by the
escape of gas past the driving band, This can be prevented by fitting to
the base of the shot a plastic sealing ring which can expand to make contact
with the bore and produce an effective seal.

Failure to impart spin

The obvious solution to this effect of erosion is to increase the
size of the driving band, and this has in fact been done in most British
guns since~ few guns are condemned for failing to impart spin. While a large
band is successful in imparting spin in conditions where a smaller band fails,
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this simple solution is not without disadvanta.es. Firstly, in some
conuitions at any rate, the larvcr band will bc responsible for a higher
rate of wear. Secondly the larger band will exhibit a greater drop in
velocity for the same amount of wear. There is thus scope for other
methods.

Rifling of increasing twist provides a means of easing the dif-
ficultV ot impartin, spin without increasing the size of the driving band.
Increasing twist implies a higher torque to be transmitted by the band in
the latter stages of motion up the bore; it appears that this need not be
a disadvantaige.

*\nother line of attack is the substituting of a different material
for the drivi:n band which for the same spinning ability has a smaller effect
on wear ano ballistics. This result can be achieved by the use of non-metal-
lic hands.

Accuracy life

The accuracy of a u:un can deteriorate due to variability in muzzle
velocity, instability due to lack of spin or to excessive muzzle wear.
lhe cure for variability in muzzle velocity is thought to be same as for
drop in iuzzle velocity. The disturbing influence of muzzle wear is due
to the eccentric motion of the projectile and also the consequent asym-
metry of the action of the propellant gases on the projectile after ejection.thi cure for this is to centre the projectile in the enlarged bore, and some
type of front centering band is required in addition to a satisfactory rear
band which should be of some material other than copper.

Fuze damage

Fuze damage due to 'side slap', that is, lateral motion of the projec-
tile in the enlarged bore can be reduced if the projectile is fitted with a
front centering band which limits this lateral motion. It has also been
shown that improvcd gas sealing, by sealing caps, is effective in reducing
'side slap'.

Fuze armingn

This is due to drop in maximum pressure. This is really the same
problem as maintenance of muzzle velocity and can he solved by the same
methods.

Surimary,

The method of controlling erosion and its effects are summarized in
the table attached.
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FOLLOUW ON COINTRIBUTION

S. I. Lollingum
Royal Armament Research & Development Establishment

Fort Halstead, Seven Oaks, Kent, England

Mrs. u. J. Taylor has presented the main conclusions of this review

paper. In amplification of the erosion research, Mr. J. ýbrris has

provided examples of the associated metallurgical work completed a

number of years ago. Illustrations from investigations of erosion in

4.5 inch gun barrels show the phenomena of deep erosion at the cartridge

case mouth and in an area just forward of the conmencement of rifling.

The typical features of surface erosion and various degrees of craze

cracking, and the observations on the altered surface layer and the

influence of chromium plating are similar to those given in other

papers.

Particular studies of the factors which influence thermal fatigue

were completed about 10 years ago, and were sumnarised by H. G. Baron

and B. S. Bloomfield in a paper published in the Journal of the Iron

and Steel Institute, Volume 197, March 1961. They used a wedge-shaped

test piece which was water-cooled through the centre and heated in

repeated cycles at the narrow end of the wedge by an induction coil.

This test was used to study the irfluence of the maximum and minimum

temperatures in the cycle on the thermal fatigue properties of a number

of different stools, some heat resisting alloys, and cast irons. The

research emphasised the iwmortance of the austonite , martensite trans-

formations which are accompanied by a volume change. If this is
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S.ugý,rcsscd, as in tl,c coiý;yer-silicon steels, the termal fatijue life

can uc in.j roved. I;.C techmijuc also shovecd tiie effect of decol.pering

In irevious contributions wention hias bcen uade of liriting the

I ifc of tUll barrels on the basis of fatigue 1prot~ertics. The UK barrels

%%car out, but iitht tite use ot stronger steels and success in reducing gun

crosion and %-.ear, fatigue crack prorlagation becon.es a dorinant factor.

nescarcl~es at ,,•iduL on fatigue and fracture touglness of gun steels

are siil'ilar to t~iose at Iatcrvliet Arsenal.

In later Lapers reference is made to liner naterials, and tue

.AiAuL rcvie, paper oives results obtained for unrifled short bore

liners in a specially designed o-ir./2-pr, gun harrel. Thiese showed

the relevant resistance of liner waterialL to non-picrite and picrite

ricit propellants. It is iuiortant to note that the nickel alloys and

nicl,el ricii steels were inferior to the current nickel-chrowitun-

molybdenwm-vanadium gun steels. 'iLis indicates the 1roblen's uhich ,right

occur if Inconel 718 is used for tiie 8lm.n mortar on disi-lay in the

exhibition. The UK has a preference for steel, idhici: is less expensive

A

and nore easily worlhed, although the good elevated teml~erature properties

of luIconel 718 cannot ue disputed. ur. :dhmad has r~entioned Stellite 21,

and its good erosion resistance to non-picrite iropellants nas been

It %.ill t.'c seen that sinilar observations have been rado by invos-

tigator•i on both sides of the Atlantic. Unfortunately in recent years

,,i'•L has done very little metallurgical research into gun erosion and

its control, otur techli,1ucs are now greatly irproved and we have a
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,ýruatcr uiidcrstandiný, of th~e properties and vechaviour uy 1ratcrials in1

ti.c servicu environmrent. li nce ýx illcovme this op oitwlit"' of ., t

cil>tutng :;n this review~ of thec state of 'the art and aj~praisul of tiic

vi(eds for futurc research, ýar-cicuiurl,, i.n suc~i tcj)1).cs as~ .7irfacc

reactions, vdith mw additives a;dcoolants, an! thec iufluenlce on craciz~

pros aý,;tiofl of the propellant -,-as~cs and deposits, tiao rate oi strain

anld tj'c tcnm craturc cy-clc. Also it is nicccssary to cunlsiaie th~e llccd

for duvelul,;!ent of iiiyroved materials and tAhe associatud tocJ~li(1 4eS

f~or coriponent iroduction.
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1.3 DISCUSSIf'I:

Jerom'e '. rrankle (corr'ent): 'Irs. Taylor has exnressed an interest

in test results w'hich showed the

detailed wear nattern produced in the

lfl5I1' Tank fun ahen nro~lectiles with

vulcanized fiher hands were fired

without the hands in the cartridge

case. This information exists in

PRLM' 1R79.
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INVESTIGATIOFT OF EhOSION
IN 7.62MM MACIIINE GUN BARRELS

W. T. Ebihara, Ph.D.
Science and Technology Labo-atory

Reseavch and Engineering Directorate
U. S. Army Weapons Command

Rock Island, Illinois

Metallurgical analysis was conducted on
7.t2mm machine gun barrels, in the chroplium
plated and unplated conditions, to cnarac-
terize the erosion process. The chrono-
logical analysis involved the examination
of severely eroded gun barrels as well as
those experiencing test firings of 1 to
3000 rounds. Inherent defects in the form
ol cracks are noted in the chromium plate
prior to firing. rhese cracks are extended
to the rchromium/steeL interface as early as
the first round. thus exposing the under-
lying steel to the react.ive enironment.
Continued ±iring results in the propagation
of these cracks into the steel suostrate
followed by crack branching. Branching
proceeds until link-up is achieved, result-
ing in the removal of chromium plate/steel
fragments. The factors considered to be
responsible for crack extension include
gaseous and liquid metal reactions. The
character of erosion in unplated steel gun
barrels is contrasted Irom the plated bar-
rels in that substrate cracking is delayed
and land wear occurs much earlier in the
firing sequence.

In troduction

Deterioration of the bore surface resulting traxm erosion

remains a major problem in the performance of ra.pid-fire. high

velocity weapo.as. Generally, gun erosion is defined as the re-

sult of processes which lead to a change in bore dimensions. In

T P



this paper, erosion is described as a change in the bore cross

section resulting from material removal or structural alteration.

i• the initial stages, erosion may manifest itself in the decrease

ol projectile velocity or accuracy, thereby reducing the effec-

tLveness of the weapon. Loss of velocity or accuracy becomes in-

cr:asingty apparent as erosion progresses until the gun is re-

tired.

rhe advanced stages o, erosion introduce areas near the

bree.o, which are particularly susceptible to catastrophic fail-

ure. A cross section of such an area is shown in Figure 1. This

segment is taken from a barrel which actually failed at the breech

end. causing the damage shown in Figure 2. Failures of this type

not only completely render the weapon useless but also may be

fatal to personnel in the vicinity of the weapon.

Previousattempts to combat erosion in weapons have enjoyed

only moderate success. Approaches to solving the erosion problem

have dealt mainly with techniques to reduce erosion by

(a) the utilization ot erosion resistant materials,

(b) the reduction of the bore surface temperatures, and

(c) reduction of chemical and mechanical effects.

The first of these was achieved with some form of plating or lining

on gun barrel steel. The latter two items have, in general, resul-

ted from utilizing lower combustion temperature propellants, wear

reducing techniques and design changes of internal rifling configur-

ation. However, large gains in erosion reduction are still limited

by the lack of fundamental knowledge concerning the mechaniams of

erosion and the erosion rate-controlling parameters for any given
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weapons system. Once these are established, a combined approach

utilizing materials. propellants, and configurational design con-

siderations can be elfectively applied to optimize weapons per-

jormance as well as to the selection of a testing criterion to

evaluate candidate materials for use in gun barrels.

Erosion studies in the past, on small caliber weapons, were

generally conducted with emphasis on weapons of caliber .50 or

larger.1 The studies were concerned with the inspection of

severely eroded structures on barrels of a homogeneous structure.

Little basis for comparative analysis could be established since

nonuniform firing schedules. propellants of varying composition

and different weapons systems were often used. Tests conducted

to isolate various parameters were limited and, generally, were

terminated soon after 1946. Although the results of these studies

are extremely helpful in the present study. many of the conclu-

sions were too general in content for specific applications to

solve erosion problems of contemporary weapons systems.

The intent of the present effort is to determine the rate-

controlling processes involved in the erosion of small caliber

weapons systems so that satisfactory methods can be adopted to

prevent or control this deterioration process. The first phase

ol the study involves an intensive analysis of the eroded struc-

tures to describe the character of the erosion phenomenom. The

characterization of the chronological development of the erosion,

1 lypervelocity Guns and the Control of Gun Erosion, Summary

Technical Report of Division 1, N)RC. Volume 1, Washington,
D, C., 1946.



as well as the description of eroded structure, are the objec-

tives of this phase. The object of the second phase will be to

ijivestigate the effects of the various erosion parameters, both

individually and in combination, through selective laboratory

tests and, then, with the correlative findings of Phase I, ar-

rive at thie predominate erosion mechanism for the particular

"weapons system and propellant.

This paper describes the progress of the study to charac-

terize erosion in the 7.62mm M134 gun barrel. Previously en-

durance-fired gun barrels. with documented firing schedules,

were analyzed initially. These data, characterizing the ad-

vanced stages of erosion, were then compared with results of

selectively chosen test barrels, having been fired from I to

3000 rounds, to show the chronological development of erosion.

Emphasis is placed on the characterization of erosion in chro-

mium plated 7.62mm barrels although comparisons are made with

erosion of the same barrels in the unplated condition. The

bulk of the analytical work was performed at the University of

Missouri - Rolla under Contract DAAFOI-69-C-0541. These results

are considered preliminary and are provided for information only.

The investigation is continuing and the final re3ults and anal-

ysis will be provided at the conclusion of the program.

Experimental Procedure

7.62mm gun barrels. in the chromium plated and unplated con-

ditions, were procured for test firing purposes on the GAU-2BiA

Minigun. This weapon houses six gun barrels and was fired at a

rate of 4000 rounds per minute or approximately 667 rounds per

minute for each of the six barrels. In most cases, duplicate



tests were performed for both the unplated and the chromium

plated barrels. Continuous bursts of 1, 10, 50, 100 and 200

rounds were provided. To provide barrels experiencing 300 rounds

or more, the firing schedule per barrel consisted of a 100 round

burst, 15-second cool, 100 round-burst, 15-second cool, a final

100 round burst followed by a cooling period of 30-minutes.

Multiples of this 300-round firing sequence were then used to

provide gun barrels experiencing a total of 900, 1500, 2100, and

3000 rounds. The ammunition used in these tests was the standard

NATO M80, Lot TWL 18068 67 with WC 846 propellant.

The test fired gun barrels were cleaned by rinsing with

ethyl alcohol and then dried. Silicone replicas were made to non-

destructively examine the condition of the interior bore surface.

The gun barrels were sectioned longitudinally and the in-

terior bore surface was again inspected. The majority of the

samples for study were obtained from the first four inches from

the origin of rifling since this area exhibits the maximum dam-

age. Unless otherwise stated, the transverse cross section rep-

resent a zone approximately one inch from the origin of rifling.

Two types of specimens (a transverse section and a section pol-

ished at a low angle to the bore surface which is referred to as

a bore surface specimen) were prepared for examination purposes.

The bore surface specimens were necessary to enlarge the area of

damage because the depth of erosion was not always appreciable

and, consequently, could not be observed satisfactorily on a

transverse section. These specimens were subjected to metallur-

gical atialyses utilizing the optical microscope, scanning elec-

tron microprobe and X-ray diffraction techniques.

J1 *



Results

Initially several barrels which had been fired under severe

schedules and, thus exhibited the advanced stages of erosion,

were studied. The bore surface of these barrels had an appear-

ance as shown in Figure 3. Much of the chromium plating has been

removed and copper has filled cracks in the barrel. The extent

of copper extrusion into the cracks is better observed in the

polished section of Figure 4. The cracks observed on the bore

surface extend through the chromium and well into the underlying

steel as shown in Figure 5. Not all of the cracks in the steel

exhibit copper but microprobe analysis did reveal copper in some

of the most minute cracks (Figure 6). The cracks grew primarily

in the radial direction, with some bifurcation noted. It was

observed that an altered zone was associated with the cracks in

the steel. Figures 7 and 8 contain examples representative of

the appearance of the altered zone. The zone appears to consist

of more than one phase and resists attack by common etchants

(nital and picral) as depicted in Figure 9. Identification of

this zone or of the phases present is not yet complete. How-

ever, it is generally characterized as being considerably harder

than the unaffected steel. Microprobe analysis revealed that

this zone is of a different chemical composition than the unal-

tered steel as evidenced by the scan shown in Figure 10.

The results of the investigation on the prescheduled test

fired barrels will now be presented. Inspection of the bore sur-

faces at 40X showed a gradual accumulation of residue up to 300

rounds. However, no significant difference c2uld be observed in

the quantity of residue when comparing 900 round barrels to 3000

1. u-7



F IGURE 3
Scil'1 , Ef .lec tron Micrograph of Eroded 13,re Surface.

FIGURE 4
"'oppet- Fi1 i-ack Network in Chromium Plating. Unetchea



Scanining Lioctron Micrograph showing Extension
of Cracks into the Underlying Steel.

FIWKL b
Electron Hiczoprobe X-Ray Display Showing Copper

in Minute Cracks in Steel
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k'IGUiRE 7
optical Photomiicrograph

of Altered Zone Surrounding a Crack.

.........

FIGURE 8
Scanning Electron Micrograph

ot Altered Zone Surrounding a Crack.



Structure Overetched to Reveal Altered Zone.
Etched in Nital.

FIGURE 10
Microprobe Analysis by Back-Scattered Electrons

to Define Altered Zone.



round barrels. The residue appears to be a mixture of copper,

which is heaviest in the corners between land and groove (Figure

11) and a fused crust (Figure 12). X-ray diffraction results in-

dicate the major phase of the crust to be calcium carbonate,

CaCO3 . The bore residue is accumulated more in the latter two

thirds of the barrel toward the muzzle end and is more prevalent

in the chromium plated barrels.

Cracks appear to be inherent to the hard chromium plating as

shown in Figure 13. These cracks begin to open up during repeated

firing so that a crack network is obvious at a magnification of

40X even after only 50 rounds. Figure 14 illustrates that the

underlying steel is exposed to attack after only 10 rounds. Here,

reaction pits in the steel are always traceable to cracks in the

chromium plate. After 100 rounds, copper is observed to fill the

cracks and decorates the retwork (Figure 11). The copper in the

cracks on the bore surface appears as if it were extruded as the

barrel material contracts following a pressure pulse. After 200

rounds, definite cracks are observed in the steel (Figure 15).

It should be noted that not all cracks in the steel originate at

a pit underlying the chromium plate. However, both the pit and

crack in the steel are always associated with cracks in the

chromium.

As firing progresses to approximately 1500 rounds, the

grains of chromium plating become displaced and ultimately de-

tached near the breech end of the barrel. In most cases, removal

of the underlying steel is always associated with the detached

chromium fragments. By 3000 rounds, much of the plating in the

1.4-12
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FIGURE 11
Scanning Electron Micrograph Showing Copper Collected

into Cracks and Corners of Bore Surface.

FIGURE 12
Scanning Electron Micrograph Showing Noncoherent Fused

Crust on the Bore Surface of Unplated Barrels.
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Scanning Electron Micrograph Revealing
Crack Network Inherent in the Chromium Plate.

FIGURE 14
Scanning Micrograph Showing Pitting in Steel

Beneath C~racks in the Chrome Plate after 10 Rounds.



FI1GURE 15
Scanning Micrograph of Crack

Propagating Intergranularly into Steel
after 200 Rounds.

FIGUTRE 16
Scanning Electron Micrograph

Showing Fragmentation and Removal of Chrome Plate
after 3000 Rounds.
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first ftw inches near the breech has been removed as shown in

FjiuroF. 16 and 17.

Altered zones surrounding cracks are not observed in test

barrels until apprfaximately 300 rounds. After 600 rounds of

tiriini; the altered zone structures are well developed and new

cracks are initiated while the primary cracks continue to propa-

gate into the steel. Other than the altered zone, there is little

evidence of significant structural alteration of the steel near

the bore as shown by hardness surveys or by metallographic exam--

ination (Figure 18).

The unplated barrels exhibited no acute erosion features

other than a gradual wea;-ing away of the lands until light check-

ing was observed on the bore surface at 900 rounds. The first

checking was concentrated on the edges of the lands. After 1500

rounds the checking is fully developed, and after 3000 rounds,

the surface structure is quite perturbed as shown in Figure 19.

The rifling is almost entirely removed in the first few inches of

the barrel after 1500 to 2100 rounds.

The first cracks in the unplated barrel were observed in a

bore surface specimen experiencing 200 rounds of fire. Only a

few. shallow cracks were found in the barrels fired less than

900 rounds. The progress of the cracking can be observed in

Figure 20. The unplated barrels also exhibited an altered zone -

not only in connection with the cracks (Figure 21) but also over

the entire bore surface (Figure 22). Again, gross structural

alterations are not observed for these barrels. However, some

teniper ti of the steel near the bore surface is evidenced by

mi..r, hardness surveys - approximately 4 points Rc after 3000

1.4-16



FI1GURE 17
Optical Photomicrographs of Transverse Barrel Sections

after 900, 1500 and 3000 Rounds.
Unetched.

FIGURE 18
Optical Photomicrograph of Altered Zone
Surrounding Cracks after 3000 rounds.

Etched In Nital.
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pXHpe itr ahne of Bore Surface of Uipla ted Barrel
r-J' 000 R ounds. Scanning Electron Micrograph.

(UP!I Ca I Pho tomicrographs;
I ta-ve~'--ýOuSt t. ions ot Untpla tor GL~njtr1-
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FIGURE 21

Optical Phctomicrograph Showing Crack Network
Beneath the Bore of Unpiated Steel after 3000 Rounds.

Etched in Nital.

FIGURE 22
Optical Photomicrograph of Altered Zone

Formed on Bore Surface of Unpiated Barrel
after 900 Rounds.
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No results of the dimensional changes accompanying the test

firing were available at the time of this writing. These measure-

ments are to be performed on the silicone replicas of the gun bar-

rel bores.

Discussion

The initial stages of deterioration of the internal bore are

traceable to the structure and properties of the chromium plate

in the 7.62mm machine gun barrels. Cracks and/or incoherently

honcied L•rains are observed in the plating prior to firing. These

cracks open up quite early in the firing sequence, exposing se-

lective areas of the underlying steel to the reactive environ-

mient. Reaction pits are formed at the root of the crack at the

chromium/steel interface area. Cracks may either propagate fur-

ther into the steel from these reaction pits or propagate con-

tinuously from its origin in the chromium plate. Therefore, the

propagation of cracks into the steel substrate is not apparently

controlled by the formation of reaction pits.

Altered zones, associated with cracks in the stee'., gener-

aly remain inert to general etchants used to delineate structures

in ,;t-el. These zones are thought to be formed in a reaction

with the combustion gases. The exact identity of the phases

associated with this altered zone is not available at this time.

The role of this altered zone in promoting further crack propa-

gation is also undefined. However. it does not appear unreason-

able that. crack propagation is in part enhanced by this brittle

zone lormation. Since the cracks are intergranular, preferential

formaLion of the altered zone along grain boundaries is a
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possibility.

Copper or brass from the rotating bands is extruded into

existing cracks and, therefore, may have a wedging effect in

opening the cracks. Liquid copper can rapidly attack Cr-Mo-V

steel, and this effect in promoting embrittlement cannot be en-

tirely ignored. Further, since the copper fills up much of the

existing cracks, it may have a role as a transfer agent in the

chemical attack of the underlying steel.

As the firing progresses, erosion cracks propagate into the

steel. Crack branching in the steel is also noted, especially in

the region near the chromium/steel interface. When the crack

branches link up, fragments of the chromium plate with some bonded

steel are detached and removed from the bore. When approximately

3000 rounds are experienced, much of the bore surface near the

origin of rifling become devoid of the chromium plate and, con-

sequently, the steel is directly exposed to attack. Additional

firing results in further radial propagation of the primary

cracks and eventually, unless the gun barrel is retired, the

cracks will become supercritical in size and catastrophic fail-

ure will result.

The unplated steel barrels experience rapid land wear near

the rifling origin early in the firing sequence. Cracks, how-

ever, are not observed until after approximately 200 rounds and

are not of notable size and number until after 900 rounds of

firing. Therefore, the modes of the initial stages of erosion

are cufficiently different for the two types of gun barrels.

Overall wear or erosion is observed for the unplated steel as

contrasted from the localized attack of steel substrate through
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cracks in the chromium plate. Although further firing results

in noticeable altered surface zones as well as in a well defined

network of intergranular cracks, unplated barrels would be re-

tired much earlier than the chromium plated barrels because of

reductions in accuracy or projectile velocity due to the early

bore enlargement.

Conclusions

Chromium plating on 7.62mm machine gun barrels, designed to

enhance erosion resistance, can also contribute to failure mech-

anisms associated with erosion. Inherent cracks in the chromium

plate are propagated early in the firing sequence and expose the

underlying steel to the reactive environment as well as to an

avenue of continued crack growth. Crack branching, observed as

the firing progresses, proceeds beneath the chromium plate until

link-up occurs, causing removal of chromium/steel fragments from

the bore surface. The advanced stages of erosion are concerned

with further penetration of the primary erosion cracks as well as

the complete removal of chromium plate near the origin of rifling.

An altered zone surrounding most of the cracks suggests that

chemical reactions with the combustion gases are primary causes

for the deterioration of the underlying steel. However, these

findings are quite preliminary and further analysis is in prog-

ress.

Unplated steel gun barrels are characterized by over-all

wear or erosion early in the firing sequence. Altered zones are

also noted but, in general, are found over the entire bore surface

layers as well as surrounding some shallow cracks. The unplated
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steel barrels will be retired earlier than chromium-plated bar-

rels for accuracy and projectile velocity considerations because

of the greater over.-all bore enlargement.

I
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1.4 DISCUSSION:

I. Ahmad: How do you explain the nresence of calcium carbonate

In the products after firing?

'. E. Levy: CaCO3 is used as an ingredient in nreparation of

ball propellant (serves to overcome any acidic

characteristic In nitrocellulose). Previouslv,

content of CaCO3 was approximately 0.6-0.8%.

Recent tests in M16 (5.56mm) showed CaCO3 was

depositing in gas tube (along with gilding metal)

causing stoppages. This was noted with ball

pronellant of the higher CaCO3 contents (0.6-0.8).

Using reduced levels (0.1-0.4%) drastically

reduced this denesit. Sneclflcatlons for ball

propellant are now being altered to allow for

maximum of 0.25% CaC0 3 , I believe.

Hrs. 1. Taylor (comment): In the UK we had a serious working

problem in the chromium plated 3" 70 gun. This

was due to the presence of a tin/lead alloy in the

round for decoppering causinq intercrystalllne

cracking. When the decopperino aaent was removed,

cracking ceased.
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1.4 DISCUSSION:

W. T. Ebihara: I certainly appreciate the comments of Mrs. Taylor.

Since decoopering agents are not used in the

narticular ammunition employed, liquid metal

interactions may not hc imrortant considerations.

However, more investiqation in this area anpears

necessary before we can dismiss the nhenomenon as

an unimportant contribution to the deterioration

process.

Bill Thielbahr: What hurst rate did the 1500 rounds refer to?

W. T. Ebihara: A singular firinq rate was used throughout the

tests: 4000 rpm per complement or 667 rnm for

each individual barrel. The 1500 round schedule

comprised of five (5) - 300 round bursts as

described in the paner.

1.4-25



COMIN'S ()N INTERIOR BALLIsTIcS AND HEAT TRANSFER IN GUNS

Herman P. Gay
Interior Ballistics Laboratory

UJ.S. Army Ballistic Research Laboratories

A brief review of the status o£ Interior Ballistics
is given to illustrate the phenomena that take place in the
gun as the projectile passes down the bore. An understanding
of the dynamics and the thermodynamics of guns, together
with a knowledge of the techniques for studying them, should
help in establishing discrinating studies of the erosion in
guns.

The science of interior ballistics started in about 1740 with Robins' use

of a ballistic pendulum to measure the velocity of the shot. The mathematical

formulation of interior ballistics began in 1860 with Resal's introduction of

the energy equation. From then until after World War II there was a continuous

effort to refine the equations and to devise methods of solving them. Cranz(1)

gives a good review of the situation in 1926. The development of the piezoelec-

tric pressure gage and the cathode ray oscillograph in the early 1930's openou

new possibilities because the details of the pressure-time history could be

measured instead of only the maximum pressure and the muzzle velocity. During

World War II additional methods were formulated to aid in solving the equations.

A, "Comparison of Interior Ballistic Systems" (2) was made by Laidler in 1947.

Corner's book, "Theory of the Interior Ballistics of Guns"'(3) of 1950 is the

most available and complete text. The Engineering Design Handbook, "Interior

Ballistics of Guns" gives more detail (especially of U.S. work) in some areas.

To indicate the kind of information that can be obtained from a typical

method of calculating the interior ballistics, the equations from Chapter V of

Corner are given below:
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S=(I - f) (1 + ef) i

df = -8P (2)

C

P /1 + 3W LJ[U Ax - - Cýn] = CORT (3)
+ /

2W1
I

_R (TO T) (1 + X) (1I + V-- (4)

+ 2 dV = AP (5)

\1 2I dt

The initial conditions are:

V(O) = 0 = x(0); P(O) = P0, the "shot start pressure"

We will be concerned here with the nature of the equations, rather than the

technical details. Thus, equation (1) deals with the "layered" burning of

the grain; ¢ is the fraction of propellant burned; f, the fraction of web

remaining; and e, the form function, which depends on the geometry of the

grain. Equation (2) is the burning rate equation, linear in this particular

case; D being the initial web size; ý a constant of proportionality for the

particular propellant used; P the pressure at the breech. The third equation

is the equation of state; the expression in the left parentheses corrects

for the pressure gradient between the breech and the projectile; the bracketed

quantity is the "volume". The fourth equation is the energy equation: the

thermal energy lost by the gas being equal to the kinetic energy of the

projectile plus gas; the additional factor of proportionality X, accounts

for heat loss to the bore. The last equation (5) is the conservation of

momentum; W91 is an adjusted mass of the projectile to account for some

secondary cffects such as friction, spin of the projectile, and recoil of the

gun. The proper value of W1 depends on the interior ballistic systen' being
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i .. r \;t;•.1 in •erehrvakov 's, "Interior Ballistics"'(5) W1 is taken

t,) bWe sM)eWhCrr bUt,,Cn 1 .03 and 1. 10 times the weight of the projectile,

depenaing upon the particular kind of gun.

Figure 1 illustrates the energy distribution in a typical gun. Note that

about twvo-thirds of the energy is in the gas, a little less than a third is in

kinetic energ-, and the heat loss to the gun is relatively small.

Although it is a secondary effect in interior bal'listics, the heating of

guns is important because it limits the length of burst in automatic weapons,

it can induce "cook-off" of a round in the chamber, and it is intimately related

to erosion. Quantitative investigations of the heat transfer were first carried

out by St. Robert in 1870 on rifles and on guns by Noble and Abel in 1875. Most

of the early experiments used gross calorimetric methods because instruments

having good resolution in both time and space were not yet available. Thus, the

early mathematical studies of heat transfer led to controversy because they,

like interior ballistics, could not be verified in detail. (see Cranz, p. 213).

However, heat transfer had the advantage of industrial applications such as

steam plants. Thlen the National Defense Research Council undertook the study of

gun erosion in World War II, a vast background of theory and experiment on heat

transfer had been accumulated. Of the work reviewed in the NDRC Summary Report (6)

th.e report A-87, "lteat Conduction, Gas Flow, and Heat Transfer in Guns", by

IHirschfelder, et al(-: gives a good discussion of the fundamental theory.

To illustrate some of the practical problems in studying heat transfer,

consider the equation for one dimensional heat conduction:
2T

3T = %,-r , whereXt

1 = temperature

t = time

x = distance

= thermal diffusivity

1.5-,



zz

o

Z (99
LL.-C

ZO L LUJ

w t-: C
w a

>- CJ QO

(D o -

< -

IL.

ST~O~l~d-.d 60

1.5-3



The wcl] -known solution when the surface temnerature is suddenly changed

by T is shown in Figure 2. Note that for times pertinent to guns, the tem-0

,nerature gradients near the surface are extremely large; only a few thousandths

of an inch make a wide difference in temperature. This must be borne in mind

when -onsidering the bore surface temperature. In even the 20rmm gun, the

gr.•oves are, about fifteen thousandths of an inch deep so that there is no

ideal mathematical surface. Furthermore, ltobstetter*.points out, "By

virtue of its well-established independence of chemical effects, it is to

be expected that the thickness of the thermally transformed layer will depend

on the severity of thermal conditions along the barrel in which it forms.- - -

It was found that the geometry of the projecting lands enhanced the heat

transfer so that transformed layers in the lands were thicker and less sensi-

tive to the tyvpe of powder than layers in the grooves."

In a gun, the boundary value is:

"•• = h(T - T ), for x = 0, and
dx g

h = heat transfer coefficient

k = heat conduction coefficient

T = temperature of gasg

T = temperature of wall0

From Reynold's analogy for momentum and heat transfer:

h = 3v: V, where
-p

= a friction factor that depends on Reynold's Number and the

surface roughness

density of gas

C specific heat of gasp

V = \elocity of the gas

*.c,, paes 319 and 320 of reference 6.
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Nowv the sol t ion ,of 'he heat equation with this boundary value can be done

(simply in one direct ion, %¢ith sime difficult)y in two directions) with

present day computers. The problem is to select appropriate values for

the pararneters such as \. k and Tg which vary with distance and time.

The s;election may he made easier by using boundary layer theory such as

developed by Hicks and Thornhill*, but - to quote Corner, "It is clear,

however, that the heat transfer coefficient as calculated previous'y has

to be increased by a substarntial amount to give agreement with measured

heat inputs to gun barrels. This increase is al)ut 20 per cent in guns

and up to 40 per cent in small arms".

There was little interest or effort to improve the situation of

1950 until the Southeast Asia conflict brought emphasis on conventional

weapons. Also, the introduction of high frequency multichannel magnetic

tape recorders about five years ago started a revolution in data acquisition.

This, together with data processing and display by computers, now makes it

possible to carry out extnesive measurements and analysis of quantities that

vary with both distance and ti-ne. The tools are available; the need for

further study of heating was evolved at the Interior Ballistics Laboratory

through efforts to calculate the maximum length of burst in guns for heli-

copters. 'Studies by the Weapons Systems Laboratory have shown that the

effectiveness of a weapon may be seriously impaired by a limitation on the

length of burst). We are now in the preliminary sta,., of an investigation

to establish heat transfer coefficients in terms of the interior ballistic

parameters. By a combination and a continuing refinement of theory and

experiment the Interior Ballistics Laboratory expects to establish a better

"*See pages 410 to 41F. ofCorner, reference 3.
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understanding of the heating of guns. In this work I expect that one of the

problems will be to distinguish between the heat supplied by the powder gas

and the heat supplied by friction of the rotating band.

There are other aspects of interior ballistics and erosion that require

study, as pointed out by Corner and the NDRC Summary Report. A research

worker in any of these fields can profit by reading the William R. Nlurray

Lecture of 1967 titled, "Thoughts on the Present and Future Interrelation of

Theoretical and Experimental Mechanics", by D. C. Drucker. (8) My interpre-

tation of that lecture may be summarized as: (a) an experiment done without the

light of theory is mainly just collecting numbers, (b) the use of computers to

solve extensive and complex equations is mainly a numbers game, if done without

collateral discerning experiments, and (c) a balance of theory and experiment

will increase our understanding of physical phenomena. I hope that you will

find the time to read the lecture and a few of the other references too.

1.5-7

w i~-



REFERENCES

1. Cranz, von C., "Textbook of Ballistics," vol. I1, (Pt. 2) Interior
B•allistics, Translated by C. C. Bramble and Henry Bluestone, II. S.
Naval Academy, Revised and edited by Joseph D. Elder and Duane Roller,
National Iefense Research Committee (1945).

2. Laidler, Keith J., "A Comparison of Interior Ballistic Systems,"
NAVORI) Report 750, Catholic University of America, NAVORD Contract
No. NOrd 9692 (Sep 1947).

3. Corner, J., "Theory of the Interior Ballistics of Guns," John Wiley
and Son3, Inc., New York (1950).

4. Engineering Design Handbook, "Interior Ballistics Guns," Ballistic
Series, AMC Pamphlet AICP 706-150, llqs, U. S. Army Maturiel Command,
(Feb 1965).

5. Serebryakov's, M. E., "Interior Ballistics." (An unabridged translation
originally published in Moscow, translated by V. A. Nekrassoff, Catholic
University of America, Contract NOrd 10,260, Moscow (1949).

6. National Defense Research Committee, "Hypervelocity Guns and the Control
of Gun Erosion," Suimary Technical Report of Division 1, NDRC, Vol. 1,
(1946).

7. Hirschfelder, .J. 0., Garten, William, Jr., Hougen, Olaf, "Heat
Conduction, Gas Flow and Haat Transfer in Guns," NDRC Report A-87
(Aug 1942).

8. Drucker, Daniel C., "Thoughts on the Present and Future Interrelation
of Theoretical and Experimer.tal Mechanics," The William M. Murray
Lecture, 1967, Experimental Mechanics, pp 97-106, (Mar 1968).

1.5-8



EROSIOI OF T11E SOVIET 122114 D74 FIELD GUN

Robert J. Thierry
Component Development Section

Waterv2 let Arsenal
..Oatervliet, New York 1219

Abstract

A general comparison is presented of the projectile
band and rifling design of a Soviet. weapon which was
captured i1, Vietnam, with other weapons. This wi2ll
define a Soviet approach to extend the wear life of
this nedium velocity weapon (3,000 ft/sec).

The approach will be developed fron a discussion of
comparative wear factors, band pressure, interference
ratio, excess band material, obturator conr.guration,
the general rifling design, and wear data on the weapon.

Introduc ion

The erosion data and gun projectile design considerations presented were

determined from a Soviet 122Dr, D74 field gun which had been captured in

Vietnam. It was presented in response to a suggestion that this data would

be of interest to the attendees.

Two prewar Soviet, 122mw Howitzers operated at lower velocities and employed

more com~on rifling and band configurations. The 3,000 ft/sec muzzle velceity

used by this weapon is in the range of velocities for conventional projectiles

wherein the tube wear life is a problem. Wear life for this type of projectile

is usually under ,9000 rounds.

S~1.6
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General Design Approach

The Soviet design approach was to change projectile band and rifling desiLn

from the more usual configuration which was used in previous Soviet 122mm

weapons to the design shown in Figure 1.

Thi;j design minimized the, engraving work done on the ba'nd, and the band

pro::sure, .L-d provided fcr the balance of the required obturation function by

tihe obtur:tor flange. A larger amount of permissible wear was provided by a

greater depth of rifling and the proportionately larger obturator diameter

which provides for cbturntion through the life of the gun and allows for a

greater diameter for the condemnation limit.

Weapon and Round Erosion Characteristics

It. is to be noted that the rifling depth used (Figures 1 & 2) is more than

-twice that used. in the older 122mm weapon. The effective band length has been

kept to a minimum consistent with the torque requirements and the band diameter

equals the groove diameter. Accordingly, a lesser amount of excess band

material will need to be displaced on engraving. The rear obturator is propor-

tionately much larger than conventional design and has no cannelure or groove to

accept the deformed flange. Adequate space for the displaced main band

material is provided by the spacing of the main double band and the cannelures.

They also employed considerable length of forward and rear slopes to minimize

fringing. It can also be seen that the forward band runs free for approximately

.3 inches before it engages the origin of rifling.

The comparative rifling forms and band characteristdcs for this weapon and

another 122mra Howitzer are illustrated in Figure 2. The principal difference

is t'he factor of 2 increase in rifling depth and the minimum amount of band

interference in the D74. The wear factor is moderate for the size and velocity

!!!6-
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cf Lic rounrd. 3•,vit pressure also is minimized by the band design. The

interference r:.Uio is higher because of the considerable groove depth. The

small dii'fer•nce in tLe final and equivalent band lengths illustrates that the

design proevides a minhniu :.mnount of excess band material which must be displaced.

Those effects contribute toward an optimun wear experience with the gun.

The wea.r curve (11gure 3) shows the typical wear pattern develcped by this

design in comparison with the more usual wear curve encountered in weapons

employ)ing standard rifling and bands. The estimated nunmber of rounds used in

Ithis tube based upon actual data for ccmparative weapons is in the vicinity of

90 rouzds.

Borescope picýtures taken in the vicinity of the origin show moderate heat,

checking, Aigure 4. The tube inspection showed that although wear was evident

on the driv-Ixg face lands throughout the length of the tube, the wear was

smooth and does evidence that little gas erosion took place and that the

obturator is successful.

Attempts to categorize this weapon for wear characteristics in order that a

wear comparison may be made with weapons having known wear is being conducteds.

The wear capability is estimated thus far as in excess of 1,000 rounds.

Conclusion

The Soviet designers apparently achieved a satisfactory wear life for this

weapon wi.hout resorting to chrome plating or wear additives. The weapon

design emphasizes the need for continual basic research into band and rifling

configurations, and materials to insure that progressive updating of the state

1of the art, is realized.
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1.6 DISCUSSION:

H. P. Gay (Comment): It seems that the initial position of the

projectile might vary froin round to round because

of small change in diameter of the obturating ring.

This variation in initial volume of the chamber

might cause undue variation in muzzle velocity.

Are data available on the uniformity of muzzle

velocity?

R. Thierry: At this time, it is not available.

1.6-7



SHORT NOTE ON BARREL HEATING REDUCTION

BY THE USE OF ABLATIVE AMMUNITION

W. Richard Brown
Cornell Aeronautical Laboratory, Buffalo, New York

Abstract

Recent studies at CAL have shown that
silicouie fluids and gels placed behind the pro-
jectile can be very effective in reducing the
heat transferred to barrels from the propellant
gases. It is known that a sacrificial coating
is formed in the barrel, and the term ablative'
has been applied to the fluids. Barrel tem-
perature reduction can alleviate problems such
as cook-off, stress failure, and binding due ,i
to thermal expansion in rapid fire weapons.
It is observed that the ablative material is
most effective in the origin-of-rifling area,
suggesting that erosion may be markedly re-
duced in guns firing the modified ammunition.

Introduction

A CAL study1 of heat transfer in the XM140 30mm gun con-

cluded that the barrel would be unable to withstand the heating

imposed by a 600 round continuous burst requirement. A review

of the literature revealed that silicone fluids, when loaded in

capsules and placed behind the projectile, had shown some heat

reduction capability. ,Extensive single-shot testing was done

to guide the selection of fluid viscosity and capsule configura-

tion such that the desired "heating profile" could be approached

in the XM140 during rapid firing. These experiments and some

very recent ones with modified 7.62mm NATO ammunition are out-

lined very briefly in the following. Details are available in

CAL reports 2 3, and it is hoped that a more complete account of

the studies can be published in the near future.
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SFinding - 30mm XM14O Tests

An XMl40 barrel was instrumented to measure barrel heating

in a single shot. The existing propellant charge was altered

such that enough free volume became available in the case to

accommodate a sealing diaphragm and up to eight grams of sili-

cone fluid. Initial tests, (Fig. I), indicated that heat re-

duction near the breech was greatest with high viscosity fluids.

Other tests showed that heat reduction down the barrel was

favored by lower viscosity fluids. Tests were done to confirm

that the heating reductions measured were due primarily to ihe

fluid and not to the use of a different propellant.

Several thousand rounds containing five grams of fluid in

a polymer capsule were tested in rapid firing at Ford Aeronutronic.

Temperature comparisons in firing a certain CDC Mission in a CG27

Alloy barrel are shown for ablative and conventional ammunition

in Fig. 2,. It may be seen that peak temperatures at the six inch

barrel stations become critically high near the end of the schedule,

but are reduced more than 200cY by the ablative ammunition. In

other tests requiring 600 rounds to be fired in a continuous

burst, a maximum of 441 round was achieved before stoppage with

conventional Pmmunition, but 597 (the total available at the time)

ablative rounds were fired straight out without difficulty.

NATO 7.62mm Tests

Recent preliminary tests of 7.62mm ammunition containing a

rubber ablative capsule as shown in Fig. 3 indicate that important
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ROUNDS FIRED
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Figure 2 BARREL TEMPERATURE AT 6 IN. FROM BREECH DURING CDC MISSION 1.3.1,
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heat transfer reductions can be achieved in small calibers. Again

it was necessary to alter the propellant charge to accommodate the

fluid. A somewhat hotter propellant mixture was employed such that

velocity was maintained, with peak pressure increased about 20 per-

cent.

Using 0.5 grams of fluid, temperatures were reduced at all

barrel stations, and comparative testing established that the

reduction near the breech end was entirely attributable to the

ablative fluid. Comparisons were made among the standard NATO

ball propellant, the CAL ablative ammunition having a modified

propellant charge, and the latter propellant charge with wadding

in place of the fluid. Most of the tests were done in instru-

mented M14 barrels, Fig. 4., which are monolithic and thus are

free of heat transfer complications caused by liners and inter-

faces.

The performance of the experimental ammunition at elevated

temperatures was determined by rapidly firing twenty round maga-

zines of conventional ammunition to provide heating, and inter-

spersing three round groups of the type under test. Results are

typified by Fig. 5, in which the left-hand ordinate represents

measured data in the M14, and the right-hand scales refer to

calculations of generalized heat input and predicted heating in

the Minigun. The dashed portions of the curves are extrapolated.

There are three important conclusions which can be drawn

from Fig. 5. First, the lower heat input per round from ablative

ammunition means that many more rounds can be rapid fired before

1.7-S
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rcaching a given temperature. Second, the extrapolations to the

abscissa represent zero temperature rise, i.e., the equilibrium

tenperature for each type of ammunition at the barrel station in

question. Lowered equilibrium temperatures can have profound

effects on barrel life as well as extending effective firing

schedules. Third, the curve for wadded ammunition containing

the same propellant as the ablative ammunition indicates that

the necessity to employ the hotter propellant places the ablative

ammunition at a great disadvantage relative to the standard, If

space is made available additives can be used with ordinary

propellant, the heat reductions secured should be large.

Future Work

Studies of the erosion-reducing effect of ablative additives

are planned. Work is underway to replace fluid additives with

gelled or thickened materials which would obviate any possibility

of leakage.
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1.7 DISCUSSION:

A. Victor Nardi: Did NATO 7.62mm anmunition with additive meet

-AP., velocity and pressure requirements of system?

W. R. Brown: In the additive modified NATO 7.62mm ammunition,

velocity was maintained the same as standard,

but to .ain vnlume, quicker oronellant was

added such that the peak nressure was annroximAtelv

61,000 nsi instead of 5n,,nn nsi.
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"EFFECT OF ROTATING BANDS ON TEMPERATURE OF GUN TUBES"

Reinier Beeuwkes, Jr.

Army Materials and Mechanics Research Center
Watertown, Massachusetts

ABSTRACT

The effect of the rotating band on heating of gunc and consequent

erosion and failure is briefly discussed, and the measurements on a

37mm Sun tube of haatinig as a function of charge and band diameter

are analyzed for gilding metal and wax impregnated powdered iron

having a density of five. Although the erosion arn vear characteristics

associated with these bands are quite different, the total heat input to

the barrel does not differ substantially. In each case, there is slightly

more heat input on the average with the bands of smaller diameter, although

this difference is often exceeded by round-to-round variation.

MANUSCRIPT WAS NOT MADE AVAILABLE
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REVIEW AND TRENDS OF WEAR REDUCING ADDITIVES D

LARGE CALIBER TANK AND ARTILLERY CANNON

Harry Hassmann
Act'g Ch, Propulsion Applications Section

Process Engineering Laboratory
Picatinny Arsenal

Devwr, New Jersey 07801

A general review is presented of bore wear
reducing additives both in current use aiad plan-
ned for the future. Specific additive applica-
tions are described for gun systems ranging from
90mm tank guns through the 175mm artillery can-
non. Based on actual experience!, particular
attention is given to the significant increases
in tube life afforded by use of both polyure-
thane and titanitm dioxide - wax additives.
Available data is provided showing the promising
potential wear reducing capability of, the talc-
wax additive. PIans to investigate use of talc
in lieu of titanium-dioxide in future gun ays..
tems are presented.

Background:

1. Gun erosion has long been a problem in many ways. The cost of

replacing 'worn gun tubes is the most obvious factor. Logistic e'ffects

include transportation and inventory costs as well as the time to r4place

tubes, particularly in distant combat areas. Construction, maintenance,

and operation of additional gun tube manufacturing facilities is one of

the less apparent but very costly results of gun erosion.

2. Ballistic effects can be very serious. With each round fired, ero-

sion increases the gun tube diameter thereby dc~reasing the truzzle

velocity of subseqtient firings. This is reflected in reduced range &nd

armoz defeating effect.:veness o tank ammunition. Accuracy. is also

impaired.
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3. Gun erosion imposes a design handicap in limiting propellant energy

levels for high kinetic energy projectiles. For example, in the 105-2.

round, Armor Piercing Discarding Sabot, M392, the v.locity suiffers a

loss of 50 ft/sec over the tube life. This is the equivalent of a very

significant loss in effective range of 500 yards to defcat a given tar-

get. The use of the additive has reduced the velocity fall-6ff to zero.

Anothe.r examp'le is the current development of the 152mm Kinetic-Evergy

Round for the Main Battle Tank, which would probably not be feasible

without the additive. This is the case in the APFSDS, Projectile, XM578,

for the XM150 Gun launcher. Without the additive, suzzessful deve :opment

of this type of armiunition would not have been possible.

4. The effects of gun erosion can be seen in borescope photographs. As

erosion proceeds with successive firings, the pitting and wearing of

the rifling lands in the tube are most evident at the comumencement of

rifling. When this effect interferes with proper engagement of the

round's rotating band, accuracy becomes affected.

Case History:

Polyurethane Foam ILaminar Coolantl

1. During the late 1950's, experimental work on the reduction of gun

erosion in Canada, the United Kingdom, and the United States was based

chiefly on the discovery of a laminar gas layer effect acting along the

inside surface of gun tubes during firings. It was found that a car-

tridge Case liner of suitable material could be vaporized at the time of

firing, and thereby generate a protective laminar gas layer that would

be cooler than the propsllant gases. This cooler gas, by remaining close

to the tube wall, acts to reduce heat transfer, and thereby erosion from
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the hotter propellant gas to the gun tube. Various polyin~er materials

considered and. ýeated as laminan coolants for, this liner application

included polvstvretre, polyvinyl chl.oride, polyvinyl ace tate, polyethy-

1-r! anid o olvyu t hane. Fo ame d material wav used to obtain high specific

surface area. Poly'iretharie fbar was found the most satisf.,ctory lamina

coolant.

2., Basled upon this concept, the polyurethane foam was initiallv evalua-

ted in the 105nimt Tank Gun M68.' (Table I).

3. The sy.ýtem tested concirted'of the Armor Piercing, Discar~ing Sabot,

APDS, Projectile M392 using )N30 triple base,,high-energy propellant,

Th~e chamber pressure is 55,000 psi with a muzzle velocity of 4,850,feibt

per second. As you can see,' thJ~s is'a relatively high pressure, high

velocity gitrn system. The test~data from Aberdeen Proving Ground is tabu-

lated P's the average bore wear per round (in inches),, The chrome plating

of the tube gave only limited improvement, while the use of the polyure-

thane foam coolant provided a significant improvement in the wear rate.

4.The polyurethane foam was applied as Lan 1/8" thick shteet contoured

to the interior surface of the cartridge case imimediately behind the

projectile. The conclusion of the Aberdeen Proving Ground test was that

the polyurethane foam would double the numnber of the rounds that could

[be fired from the 105mm M68 Gun oefore accuracy was lost. Based upon

this finding, the liner was incorporated into production ammunition in

1962.

5. Polyurethane foam was evaluated in other tank-'ammunition systems.

The improvement in wear reduction with the use of a laminar-coolant in

other tank rounds is shown in Table 11.
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Swedish Additive (Titanitun Dioxide/Wax2

1. In 1961, a major breakthrough in gun erosion was achieved with

Swedish Additive for U.S. military application. The material is a mix-

ture of titanium dioxide-paraffin wax coated on a rayon cloth. Its

nominal composition is shown on Table III. Other materials such as tung-

sten trioxide-paraffin wax were also evaluated. However, titanium

dioxide was chosen on the basis of effectiveness and cost. The use of

the additive does not degrade ballistics, storage, or handling charac-

teristics of the rounds tested.

2. The effectiveness of the Swedish Additive in reducing bore erosion

in tank ammunition is tabulated in Table IV. A 3-9 fold improvement

has been achieved depending on the caliber, type of projectile, and rela-

tive ballistics.

3. The weight of additive used and the gun ballistics are also shown.

Please note that the improvements shown relate only to bore wear before

gun accuracy is lost. It does not consider limitation of gun life

because of cannon fatigue considerations. Limitations of life because

of cannon fatigue have been discussed in other papers during this con-

ference.

4. In tank ammunition, the location of the additive and how it is in-

serted into the cartridge case was critical. Again, I use the 105n,

M392 APDS round as an example. For maximum effectiveness, the liner

is pushed as far forward as possible, and flaps are folded down on the

propellant, at the mouth of the cartridge case, before the projectile is

assembled. This unique arrangement was required to produce the best

results.
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Manufacturing of Swedish Additive

1. I would like to give you a brief description of how thi.s wear-reduc-

ing additive is produced for the U.S. Army.

2. Additive-coated cloth is manufactured at Indiana Army Ammunition

Plant, Charlestown, Indiana. Paraffin wax (melting point 160 0 F) is

melted in a steam-jacketed kettle; the TiO2 is added and mixed to a

putty-like consistency. A recent improvement involves addition of 3/8"

dacron fibers (0.5% by weight) to the molten mix, which is then extru-

ded from a hopper onto a moving belt carrying the rayon cloth backing.

The cloth passes under a doctor blade which smooths the additive onto

the cloth to the desired coating thickness. Temperature control is

important to achieve the right additive consistency that will permit

ease of coating but without excessive wax penetration of the rather

loose-woven cloth. It is desirable to have the coating on only one side

of the cloth. The continuous coated cloth is cut to the desired length

of liners, which are then individually inspected for adjustment of coated

weight.

Use ofWear-Reducing Additives for ArtilleryCannon Employing

Separate- Loading Ammunit ion

1. So far I have given you a summary of additive applications in tank

ammunition from caliber 90mm to 120mm. The use of Swedish Additive has

also proven its effectiveness in large caliber Artillery Systems employ-

ing separate-loading, bag-type, propelling charges. Here, the charge is

loaded into the gun chamber separately, after the projectile has been

ramred by hand or other means. In this ammunition, where there is no

cartridge case, the additive cloth must be inserted within the construc-

tion of the bag increments or applied as a jacket over an assembled pro-
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pelling charge. This was the case for the 175mm Propelling Charge, M86

Series, where the bag charge was already employed in the field, and it

was necessary to furnish the wear-reducing jackret as a separate item of

issue. The application of the slip-on jacket is showni in Figure 1.

2. The 175mm Gun, which is currently the Army's longest range system,

is a high performance system which launches a 148 lb projectile at a

muzzle velocity of 3000 ft/sec. To provide the pr6pulsion, a 56 lb

charge consisting of single-base propellant (M6) is used. However, evr..

with the low energy, low flame temperature propellant, the wear life of

the 175mm System was only 375 maximum charge rounds because of the large

quantity of propeilant required to achieve the ballistics. With the

additive, the wear-life of the M113 Series Cannon was increased to 1100

rounds or a 3 fold improvement. Again, I emphasize, this improvement

relates only to wear life cr loss of projectile accuracy. It does not

consider the fatigue aspects of the M113 Series Cannon.

3. The use of wear-reducing additive wes evaluated in the 155mm Howitzer

System in 1965, where extended range in the M109 SP Howitzer was achieved

by using the new propelling charge designated XMiI9. Here, a high-energy

propellant, M30 was required to provide the higher ballistics. Because

of the higher charge weight and higher pressure- required to launch the

standard M107 Projectile to tne required range, a wear life cf only 700

rounds resulted. Also, the wear condemnation of this cannon, that is,

the pullover land diameter was lowered because of the serious erosive-

ness of the propellant system. The use of 13.0 oz vear reducing sleeve

was inserted within the bag construction and a three-fold improvement in

wear was demonstrated, or a cannon life of 2100 rounds.
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4. Not all additive applications have been successful. In 1967, a wear

reducing jacket (similar to that used in the 175mm System) was evaluated

in th'e 155mm Gun System, employing the M19 Propelling Charge. Thic 30

lb propelling charge which uses a low-energy, single base propellant,

M6 was being employed in Southeast Asia by the Marine Corps to provide

maximum range performance in the M53 Self-Propelled Gun. Because of the

long charge length, about 40 inches, the propelling charge has a double

wrapping of propellant cloth around the charge increments to provide

rigidity during handling and gun loading. Since the M19 Charge was a

field item, the Jacket application uf the additive was the only practical

way of applying the wear-additive. The test results showed that no

improvement was achieved with titanium-dioxide/wax applied as a j&cket.

It appeared that the extra layers of cloth prevented the heat-reduction

mechanisms to take place, and no reduction in cannon wear was achieved.

Lumrovement/Chanaes for Wear-Additives

1. Numerous improvements have been suggested and tested in the Qomposi-

tion and manner of application for the additive. '1he initial additive

liner configuration had certain defects. The wax-TiO2 mixture was brit-

tle and tended to crumble off the cloth with normal handling. The process

of coating the cloth and manually inserting it in cartridge cases at

fir3t waV expected to be quite difficult and costly. Several alterna-

tives were considered.

2. Dry spraying an additive mixture of TiO2-wax, and polyethylene to

the inside wall of the cartridge case was effected by an electrostatic-

thermal operation. An adhereat coating was obtained, but costs eventually

ruled out this method, particularly with regard to production of sprayable

2.1-11
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sma p]a r t ic los of t )we hcorir-enoots :addi tive mixture

3. A wet eimulsion applicaticn was explor'ed with some success in achiev-

ing an adhercnt co•itirg. qolvent removal would be costly, however, and

wo,,ld weaken the coating's coheriven,.ss. Mcreover, controlling the

wcight of coating wý'uid be diffic),it.

4. The automatic insertikn )f cloth liners into cartridge cases was con-

sidered to be economically desirable, expecislly for smaller caliber

sVystemis. A pj.,)L(.type machine was devel6ped for the !05rmm rounds, but

manul i~n~crtion improved sufficiently to render, such equipment unneces-

sar.\ tor this relatively large caliber.

5. T7he wax itself had to-be changed over the past years as it became

generally recognized that the high temperature limit for design of ammu-

0 0nition .syyttms should be 14.5°F instead of the 125 F limit that was cus-

tomary when the additive was first being evaluated. A much higher melting

wax resulted in an undesirable rise in ballistic pressure for extreme

temperature firings. A ballistically acceptable wax of 160 0 F melting

point was selected but was too soft to withstand propellant abrasion

during rough handling at 145 0 F. As a result propellant grains would

become coated with the softened additive, which woiuld interfere with

ignition in subqequent firings. A mylar film was sewn over the coating

t protc[ the additive from the bare propellant. In addition, 3/8"

dacron fibers have been incorporated in the additive mixtuce to zoun-

teract Lhe tendency of the additive to crumble.

6. Another suggested improvement in the application of additive was to

incorporate it dirctl, in the propellant. This has been unsuccessful

in both small and large calibers. Either wear reduction was completely
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ineffective or ballistic perfoimance was impaired.

Future Trends:

Talc-Wax to Replace Titanium Dioxide-Wax

1. A research program has been underway at Picatinny Arsenal to inves-

tigate certain other oxides (or other materials) for effectiveness in

the role of wear reducers.

2. The laboratory's research is centered around a group of complex sili-

cates. Evaluations have been made in both a high pressure laboratory

device (whi.:h simulates the erosive effects encountered in actual gun

firing) and also in gun systems. These evaluations will be presented in

other papers during this conference.

3. The most promising replacement for TiO2 is Talc, and in the labora-

tory it has been shown to be superior. Talc is a complex magnesium sili-

cate hydrate mined in Montana or California. The type used is a mistron-

vapor having a particle size of 1/2 micron. Limited gun tests have also

demonstrated the superiority of talc over TiO2 (Table V ). As you can

vee, the superiority varies with the system. For future developments,

our intention is to explore, the use of talc vs. TiO2 in early stages of

propelling charge development. The use of talc is being considered in

two active propelling charge de7-elopments. In both the 155mm and 8 Inch

Improved Weapon Systems, new separate-loading, bag-type, super charges

are being developed to provide e;tended range performance with Rocket-

Assirted Projectiles. ror example, the 155mm Propelling Charge, XM123,

ib being developed for the XM549 RAP to provide the maximum range

requirements for the new XM198 Towed Howitzer. Similarly, the 8 Inch

propelling Charge, XH188 will provide raximum range using the XM630 RAP
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in the 8 Inch Self-Propelled Howitzer, MllOE2.

4. In both cases, a liner of additive will be inserted within the final

charge construction, so that cannon wear life requirements can be met.

Both talc-wax and TiO2 -wax liners are being considered.

5. In the deve]opment of the 152mm Cartridge, Armor Piercing, Fin-Stabi-

lized, Discarding Sabot, XM579 for the XM150 Gun, talc is being con-

sidered to reduce the gun wear characteristics. This effectiveness of

this hypervelocity round depends solely on maintaining the high launched

velocity and the use of an effective wear-reducer becomes critical to

performance and effectiveness.

Summary:

In summary, the wear-reducing additive has shown considerable success

for increasing the wear life of tank and artillery cannon, thus reduc-

ing the economic and logistic problem of tube replacement. For tank

ammunition employing cartridge-cased ammunition, a three to nine fold

improvement in the wear characteristics of the cannon has been demon-

strated, depending upon the type of ammunition. It also offers a sig-

nificant advantage to the design of effective Hypervelocity, kinetic

energy ammunition for the anti-armor role.

in separate-loading propelling charges for larger caliber artillery can-

non, the use of an effective wear reducing additive has been proven and

has increased tube life 300 - 400%, based on wear.
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SMALL ARMS BARREL EROSION

Marvin E. Levy
James F. Kowalick
Gerald B. Franklin

!i onkford Arsenal. Philadelphia. Pa.

ABSTRACT
% c-eview is presented of the results of small

arms barrel erosion studies in various calibers.
Comparison is made between barrel life obtained with
ball propellant and various single and double base
extruded types. The effect of the following factors
on barrel life are discussed in detail and ex-
amples of each are given: chemical nature of the
combustion gases, thermochemical properties of the
propellant, and barrel-to-barrel variation in a
given test.

DISCUSSION

General Review

Orie of the important performance characteristics required of

small arms ammunition is that it yield satisfactory gun barrel life wfie

fired in the automatic weapon for which it was developed. To date. the

approach to increase barrel life in small arms has been primarily thermal.

i.e.. reduction of the propellant flame temperature without adversely

affecting ballistic performance. There is, however, a practical limit

below which temperature cannot be reduced without encountering problems

of ignition or inadequate propellant' potential energy in the limited

case volume.

]11e widespread introduction of ball propellant in small arms

amnmunition. which occurred approximately twenty years ago. was primarilj

due to the greater barrel life obtained with ammunition assembled with

this propellant, rather than the then-current single base extruded pro-

pellant counterparts. This improvement was observed in many calibers.

2.2



However. improvement uas greatest in the larger calibers where in-

creased amounts of endothermic deterrent coating, dibutyl phthalate,

were used in the ball propellant formulation to obtain the mass burning

rate needed for attainment of velocity/pressure requirements. In these

calibers. the isochoric flame temperatures of the ball propellants were

substantially less than those of their dinitrotoluene-coated extruded

single base counterparts.

Cooler burning extruc'ed propellants were developed through use of

more endothermic deterrents; e.g., methyl centralite or ethylene dimeth-

acrylate. These have provided considerably increased barrel life in

several small arms calibers, and have made the single base extruded

propellanr competitive with ball propellant in regard to erosion without

sacrifice of other performance characteristics,

Following is a brief synopsis of the main developments in small arms

barrel erosion testing over the past fifteen years. Gun barrel erosion

tests were conducted in caliber .30, 7.62mm, caliber .50. 20mm, and

30mm. The 7.62mm erosion firings covered several ball propellant types.

single base extruded propellants coated with dinitrotoiuene. methyl

certralite. or ethylene dimethacrylate, as well as double base extruded

propellants. Use of tin dioxide, an anti-fouling agent. was shown to

offer no increase in erosion life obtained with ball propellant. It had

been previously observed that metal fouling in the barrel occurred fre-

quently in firings with ball propellant. This effect masked erosion

life by causing a barrel to be disqualified on the basis of inaccuracy

before bore wear itself caused the end of service life. I' was thought

that by reducing fouling, tin dioxide would provide increased gun barrel
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life. Caliber jO0 erosion tests covered various ball propellants and

a wide range of single and double base extruded propellants having

different base compositions and deterrents. The powerful effect of pro-

pellant flame temperature upon barrel life was demonstrated in these tests.

Regardless of composition. propellants having flame temperatures of 2600'K

or less yielded substantially longer barrel life than those of 2850'K or

gr'eater. Erosion firings in 20mm (mainly the M55-type cartridge for the

M39/M61 gun) were conducted with various ball propellants and single base

extruded propellants coated with dinitrotoluene or methyl centralite.

Similarly. 30mm erosion firings involved the former types as well as double

base extruded propellants.

In all the larger caliber firings (caliber .50. 20mm. and 30mm).

barrel life obtained with ball propellant exceeded that obtained with the

corresponding extruded types. A problem that affects gun barrel erosion

firings is non-reproducibility of results. This is due partly, at least,

to barrel-to-barrel variation.

As mentioned previously, all the above efforts toward reduced gun

barrel erosion were based on reduced propellant flame temperature. It

has been demonstrated that gun barrel erosion in artillery could be

substantially reduced by the use of wear reducing additives. Studies

involving Erse of the additive talc in small arms ammunition are presently

being conducted.

Rather than describe in detail all the results of small arms barrel

erosion studies. dtis paper will attempt to discuss selected studies

which shed light on the problem of barrel erosion. These studies have
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served to indicate the effect of specific propellant and/or ammunition

characteristics, as well as barrel properties, on gun barrel life.

Effect of Chemical Nature of Combustion Gases

In the early stages of the development of combustible cased

ammunition for artillery (ca. 1948-1958), considerable work was done

on ammonium perchlorate-based compositions. These materials consisted

of cottcn gauze impregnated with finely divided aim'onium perchlorate,

a resin binder additive, and a plasticizer. The sheets were then

laminated in cylindrical form to yield combustible cases of desired

thickness.

No serious problem was reported in regard to corrosive effect of

these cases when tested in the artillery development studies. However,

it was believed that the magnitude of the problem would be considerably

greater in small arms automatic weapons where the heat developed in the

gun is maintained at a very high level for sustained periods. Standard

gun propellants are based on the carbon-hydrogen-oxygen-nitrogen system.

the product gases of which are non-corrosive. However, combustion of

ammonium perchlorate yields substantial quantities of hydrogen chloride

which. in the presence of water vapor and sustained high temperature,

can cause considerable oxidation (corrosion) of metal surfaces.

TaýLs were therefore conducted using simulated combustible caliber

.50 amwunition. These rounds consisted of sections of the ammnonium

perchlorate impregnated gauze scrolled about a granular ball propellanL

charge in a brass case. The ratio of the ball propellant/combustible

case charge used in these rounds was 5/1. Ballistic tests. including
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automatic firing, were conducted in a caliber .50 M3 machine gun having a

stellite lined, chromium plated barrel. A total of 800 rounds were fired

automatically with complete cooling after 400 rounds.

The product gases of the simulated combustible cased ammunition

caused severe corrosion of the functioning parts (gun steel) of the gun.

Photographs illustrating tile severity of corrosion are shown in Figure 1.

These were tEken t:iree days after the test firings during which time the

gun was kept in an air-conditioned area. (The color prints presented in

the original report describing this study illustrate to a much greater

degree the severity of corrosion than do the black and white photographs

presented herein.) The appearance is essentially similar to that noted

immediately after firing. The degree of rust formation of the gun parts

was a function of the proximity of the given part to the combustion gases.

Considerable quantities of metallic deposits were also noted in the bore.

These were found to contain a large percentage of chromium, indicating

removal of the chromium plating in the barrel. The fired gun was

cleaned and oiled in the standard manner. However. re-examination of

the gun two weeks later revealed signs of rust reappearing through the

preservative lubricating oil.

The conclusions to be drawn from this study are obvious; viz. that

use of materials yielding corrosive combustion products cannot be tolerated

under the severe operating conditions of automatic weapons.
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E f fe-,_t of Prope 11 ant F 1 ame Temperature

An extensive harrel erosion test, conducted in 1956. encompassed

caliber .50 M13 anmuniition assembled with many different propellant

types; viz. ball propellant and a wide range of extruded propellant

formulations, including single and double base types as well as novel

formultions. 'lie results served to demonstrate the powerful effect of

average propellant flame temperature on barrel eiosion. The various

propellants evaluated are described in Table I. Average flame tempera-

-.res were calculated, based on overall propellant formulations. Initial

flame temperature represents the calculated isochoric temperature of the

deterred laver (i.e.. the initial burning portion) of the propellant.

Microscopic examination of the propellants permitted determination of the

depth of deterrent penetration in the grain. Knowing this, it was possible

to calculate the composition and thus the flame temperaLure of this

deterred region.

A firing schedule of 400 round bursts, with complete cooling between

bursts was employed. Firings were conducted in lined and chromium plated

M3 machine gun barrels. A sunwnary of the results is presented in Table II,

including unit throat and muzzle erosion values. These were determined

by dividing the total erosion by the number of rounds fired. (It is

realized that the assumption of linear erosion rates is inherent in

this treatment. However. the fact that tha barrels were only stargauged

alter the end of barrel life necessitated this assumption.)
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.'ble I1. Summry of harrel Lrosion rests

HLS 5333.19 I.LS 5337.3 1M 5010

*. ,avera~t k) 284u 284U 289U

initial ý°) 1830 1870 2580

No. ot rf)unds 790 790 8o0 7bS u78 75u 400 400

lhro~t erosion (in.) 4U.UOb U.0U0. U. Ou. 0.004 0.003 0.004 0.U11 NM*

Unit tl~roat erosion x 104 0.u7) U.038 0.038 0.052 0.044 0.053 0.275

Mtuzzle erosion tin.) U.0.5* U.025+ 0.025. U.025+ U.025+ 0.023 U.0U1 NN'i
Unit muzzle erosion x 1u u.31o. u.316+ 0.313+ U.327. U.3b9+ 0.307 U.42

,Ccason tfur termination laws Yaws Yaws Yaws Yaws Yaws Yaws Yaws

ILs,, 5333.13 ILSb S343.29 IiLS 5332.21 W 8b 0

a. .verage C') 2530 2450 251v 25b0

1, initial '*k) I2•0 1400 1530 2180

No. ot rounds 9J200 5500 3600 o00 lOGO 9970

lIroat erosion (in, U0.09 0.008 0.006 0.007 0.004 NM

Unit throat erosion x lu 0.010 0U.01 0.017 0.012 0.025

Muzzle erosion (in.) 4 U 0 0 .04 0 NN

Unit muzzle erosion x 10 0 U 0 0.007 0

Reason for termination Ammunition uisper- Amnuzi- Yaws Yaws (de- bullet

expended sion tion fective through
expended barrel) chamber wall

LX 73o5 PAL 15884 I'AL 13979

1, average ("i ) 2520 2590 2340
1, ini•tial (%') 195U -

No. of rounds 39U0 5200 b300 2800 400U 5200

1hroat erosion (in.) U.ll 0.005 NM 0.004 0.007 0.007

unit throat erosion x 104 0.028 0.010 0.014 0.018 0.013

muzzle erobion (in.) 0 0 NM U 0 0

Unit muzzle erosion x l0 U 0 - 0 0 U

,eason fur turmination laws Ammuni- Velocity; Ammnii- Yaws Ammuni.
tion bullet tion tion
expended throueh expended expended

barrel

* \ct meAsUL'd wall
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Tt is seen that the barrel life obtained with the different pro-

pellants may be divided into two groups regardless of whether single or

double base compositions are considered. Thus, propellants having flame

temperatures in the range of 2600'K or less yielded relatively long barrel

life. and those having average temperatures in the range of 2850"K or

greater yielded relatively short barrel life. On the other hand, the

initial flame temperature of the different propellant types exhibited no

correlation with barrel life. Similarly, unit throat and muzzle erosion

values may be divided into two categories by average flame temperatures,

but not by initial flame temperatures. This is most pronounced at the

muzzle, where no erosion was produced by the cool propellants in almost

every case. The presence of antifouling agents in several propellants

had no significant effect upon barrel life.

The poor reproducibility in barrel life with some of the cooler pro-

pellants points to barrel variations as being significant in these tests.

Differences in properties of the barrel would manifest themselves in

differences in resistance to wear. As a result, there may have been two

effects which determined barrel life in these tests: thermal and barrel

material characteristics.

Effect of Barrel Variation

20mm

The problem of barrel-to-barrel variation has also plagued erosion

testing of propellants/ammunition in other calibers, e.g.. the 20mm M39

gun. In this system. the variation in a given test is generally relatively

small with extreme barrel life spreads of approximately 20% with a given

2.2-9



amnintit ion lot fir6d in differLnt barrels. Barrel variability has

netcessitated use of several barrels in a given propellant evaluation test

in an attempt to obtain a reliable mean erosion life. However, there have

been instances where extremely anomalous results have nevertheless been

obtained in barrel erosion testing. An example is seen in Table III.

Table III 20 mm Barrel.Erosion Tests

Test: M55 Ammunition fired in M39 machine gun

Schedule: 125 Round burst with 30-second cooling between bursts;

complete cooling after 250 rounds.

Failure Criteria: Average velocity drop of any 20 consecutive rounds

in a burst 6% or greater than velocity of first

20 round burst.

or

Yaw of 15" or more with at least 20% of any consecutive

40 rounds in a burst.

Barrel Life Barrel Life

Propellant Rounds Failure Range

Standard WC 870 2835 Velocity
Ball Propellant 3625 Velocity 2740 to 3625

3480 Velocity
2740 Velocity

Experimental Single 2585 Velocity
Base Extruded Pro- 2645 Velocity 2250 to 2750
pel lant 2250 Velocity

2750 Velocity

Experimental gall 6250+'!
Propellant 1950 Yaw 1950 to 6250+

5000+`"

Test discontinued. barrel still serviceable,
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While tne first two propellant types gave fairly good uniformity of

erosion end points, the results with the experimental ball propellant were

auite the opposite. Two barrels (62504 and 5000+ rounds) were still ser-

viceable when firings were discontinued due to lack of ammunition. These

represented the longest barrel life attained in any known M39 erosion

testing orogram. On the other hand. the third barrel was disqualified

relatively early due to excessive yaw. Examinaticn of this barrel after

firing did not reveal any cause for the early failure. Extremely light

erosion of the barrel surface was noted, and was not considered to be a

factor in determining the end of barrel life. Neither did there appear to

be any significant differences in dimensions if the three barrels, all being

regarded as acceptable for the erosion test. Thus the auestion as to why

failure occurred remained unresolved, being attributable only to unknown

anmmunition/barrel variability.

7.6 2mm

The effect of barrel variation has also caused considerable problems

in barrel erosion testing of 7.62mnn ammunition. Variations in barrel life

with similar ammunition components have been noted both within a given test

as well as over a period of time.

Propellant and cartridge specifications for 7.62mm NATO ammunition

include. among others. the following barrel life recuirements. "The test

cartridges shall not cause the average life per barrel of three barrels to

be less than 5000 rounds. The barrel life shall be considered as having

ended when the average velocity of an individual burst in the test drops

200 (fps) or more with respect Lo that of the initial burst

2.2-11



or wiIcB t l•e hul lets from 20 percent or more of ttne cartridges in any

hurst show kev-holiniu which is defined as yaw exceeding 15 degrees

at 1000 inch range, whichever occurs first."

huring the course of development and engineering tests with a new.

single base extruded propellant candidate (IMR 8138M) for 7.62mm, erosion

tests were conducted in accordance with the above requirement. Similar tests

with this propellant type were also, conducted for NATO pre-qualification

and nualification evaluations and, later, when a change was made from

gilding metal jacketed bullets to gilding metal clad steel jacketed bullets

for 7.62nmm hall and Lracer ammunition.

Tests conducted during the development stage showed that M80 ball

ammunition assembled with this propellant easily passed the erosion require-

ment. !Ioweetr. subsequent tests with production lots.indicated a marginal

ability to pass, and, on several occasions, the ammunition failed this test.

This trend was, at first, ascribed to deterioration in the quality of the

propellant produced; i.e., the initial lots were thought to be superior to

the production lots that followed.

However, review of the barrel erosion data revealed some very interest-

ing facts. The data from these tests are presented in Figure 2. All

firings were conducted in the same type of gun. The same erosion schedule

was also ised; viz, a 25 round burst every 12 seconds, with a 4 minute

cooling period after every 500 rounds; after 5000 rounds (if it has not

been disqualified), the barrel is completely cooled and cleaned, and firings

are then resumed. Termination of barrel life was based either on velocity

loss or excess k2vholing. In Figure 2. bullet type is indicated as GM for

gi•,�c• ,:•ctai Jacket and (GMCS fur gilding metal clad steel jackec. TMR 8138M

propellant lots I and 2 are those produced during the development stage.

2.2-12
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I igher lot nuib•ers, which generally reflect the order of manufacture.

iru those made diuri n• standard production runs.

Ixnxai •at ion of the data reveals the following:

(1) In those tests where barrel disqualification occurred,

there was considerahle variation in barrel life in any given test. For

example, in one test with Lot 11 (GMCS). one barrel yielded erosion life

approximatelv ihalf again as great as that obtained with the 'other two.

Similarlv, in one of the tests with Lot 7 (GM), two barrels yielded life

half again as great as that obtained with the third barrel.

(2) The fact that duplicate tests with Lot 11 (GMCS) and

with LoL 7 (EN) resulted in "pass" in one test and "fail" in the other test

is disconcerting. Such occurrences suggest that the determining factor was

probably the barrel and not the ammunition.

(3) In most tests where failure occurred, the margin of failure

was quite small. Selection of other barrels (which might have yielded

longer life) could well have resulted in those anmunition lots passing the

erosion test. Barrels are chosen on the basis of conformance to dimensional

specifications and thickness of plating. However, the considerable variation

in barrel life with a gi en ammunition lot suggests that-there are prob.-

abl%' other properties of the barrel which have'a significant effect on

barrel life.

.4) There was no conclusive information to indicate what effect

substitution of a gildirg metal clad steel bullet jacket for the gilding

metal jacket- has on barrel life. However, indications are that the effect,

if any. was small.
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While chamber pressures are not indicated in Figure 2. there was no

discernible effect of this factor on barrel life. This would be expected.

in view of the narrow pressure spread among the different ammunition lots.

In view of the anomalies in the data, wherein some propellant lots

gave much better life than others (when assembled into ammunition), the

properties of the various propellant lots used in the barrel erosion tests

were compared. These data are shown in Table IV.

Table IV. Coolant Content uf Various IMR 8138M Propellant Lots

IMR 8138M Lot No.

1 2 7 8 1I 48 51 Source

EDM 3.60 3.36* 3.36*. 3.13 3.35 2.95 Frakford
Total Volatiles 1.46 1.60 1.50 1.56 1.15 1.51 Arsenal Lab
Adiabatic Flame 2933 2894 2925 2907 2925 Reports

Temp"K

EDM*K' 3.33 3.04 3.00 2.91 3.07 Mfre,
Total Volatiles 1.47 1.46 1.39 1.50 1.57 Description

Sheet
'Duplicate tests
*'On volatile-free basis

No difference of consequence among the various lots was noted. The concen-

trations of the coolants, the ethylene dimethacrylate deterrent and

the total volatiles, in the various propellant-lots (which would affect

the flame temperature of the propellant and thus the erosion characteristics)

showed no relation to the barrel life values obtained with the different lots.

Thus. i, appeared that the main cause of the substantially greater

barrel life obtained in the test with IMR 8138M Lots 1 and 2 (and. to a

degree. Lot 8) lay with the barrels and not the propellant. Tt was also
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I ,ac i vI 'onc I •ded that what was initiallv regarded as a change in

! ne "mizal it , of r h, propul i1ant- ( from initial through production lots)

r-st,,[in• ill redu'ed barrel life with time. may well have been due to a

di t1 erent "-ma] itv" of barrels used in the early development tests as

CMpared with ýhlse used in subsequent aualification tests of production

Io st

Slis observation was co.firmed in subsequent repeat erosion tests with

>11I TMhY lots 2 and 4 T'. Ihe results of these tests are shown in Figure 3.

h i•. ,pi~aritv het.jer, these and the earlier tests with identical propellant

,, iý ,violus. !ýarrel life with Lot) 2 (GM) in the repeat test was almost

do-,C Zl, a!t previn isl obtained. The difference was even greater with

1.ot 4i •(MCS(. where more than twice the average barrel life was obtained

in• :ho repeat tests. Since similar ammunition components were used in both

the in•itial and repeat tests. the conclusion was obvious; viz. the differences

were d !o blarrel variation. It should also be pointed out that Lot 48

easilY passed the erosion requirement in the repeat tests with both the

(;,i and (GMCS buillets, after having failed the first test with CMCS bullets.

ii, agreemeot wi h the earlier tests, the preseace of GM or GMCS jacketed

hul lets had no discernible effect on barrel life.

It therefore appears that the erosion requirements for 7.62mm pro-

p ,1lait accept ancI -s at best. highly questionable, in that It does not

en:'•iil a tes! o1f lh propellant (or ammunition) alone but also includes

,:,nkoon va a! itons in •1Im, barrel characteristics. Furthermore, the criteria

for SIeC ti,,, ot nui barrels appears inadequate in thaL it does not
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differentiate between "good" barrels which will give long barrel life

and "bad" ones which give reduced life.

hus. while barrel erosion testing of small arms ammunition ca)

indicate gross differences in erosion producing characteristics, the

problem of barrel variation serves to mask ammunition differences of a

smaller nature.



TALC, A NEW ADDITIVE FOR REDUCING

(;'N BARREL EROSION

By

JEAN-PAUL PICARD
and

RUSSELL L. TRASK

Prone I lants Laboratory
Feltman Research Laboratories

Picatinny Arsenal, Dover, N. J.

ABSTRACT

It is entirely feasible to obtain high force, low
f11tmu ei•,ierature artillery propellants by substituting
en.rtwtic nitrated plasticizers for nitroglycerin and
n'troguanidine. This approach results in homogeneous

compositions with excellent mechanical properties, there-

fore making L-,m readily adaptable to high pressure
firings.

High density crystalline materials of the nitramine type
are shown ,Lo produce small arms propellants with force
values upward to 400,000 ft-lbs/lb.

The erosion of gun tubes by the hot propellant gases

resulting from the utilization of the high energy in-
gredients is recognized as a major nroblem. However, a
significant rednction in gun tube erosion was achieved
when a titanium dioxide/wax mixture (a Swedish develon-
ment) %,n-s coated on a cloth and lined inside the top
portion of the cartridge case around the perirhery of

tI, nronellant charge.

A laboratory investiiation undertaken by Picatinny Arsenal
has Ihownm that talc, a comlex magnesiuti silicate, in a
waX -artier is significantlv more effective than the
titanium d;oxide/wax mixture for reducing Run barrel erosion.

The su','0's4ful iitil~zation of talc, in lieu of titan-
t-in dlicxlOv in qelected rounds of artillery ammunition,
iý; re-viewed. Tue actual gun firings corroborate the labora-

tory fi'diuis that talc would rovide increased Pro-
tecrion o groatl v reduced cost.

'li, idbdition of one percent talc in the pronellant base
ý!,riin is Hffectico for reduCIngp the erosion in small arms
ammunition where It is ImpractLicable to incornorate talc/wax
rn xt nres.
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INTRODUCTION

The propellant engineer has the responsibility to develop new propellants with

superior force-flame temperature relationships to standard compositions or

formulations with comparable force-flame temperature relationships having

superior mechanical properties. An example of this development is in the field

of triple-base (nitroguanidine) artillery propellants which are attractive for

numerous applications. Their major attributes are: high force values at low

temperature, reduced gun barrel erosion and, because of the low percentage of

combustibles in the muzzle gases, less tendency to flash.

The standard M17 propellant which belongs to this class has some marked draw-

backs such as poor mechanical properties, difficulties of ignition, and question-

able ballistic performance. These characteristics were particularly evident

during firings conducted in the 90mm and 120mm guns where both rounds were noted

to have a velocity dispersion well above two oercent. Although these rounds

were rated to operate at a maximum pressure of 57,000 psi, higher pressures were

observed during low temperature firings (Ref. 1).

These deficiencies were somewhat overcome by the development of the M30 pro-

pellant, whose compositions differ from the M17 propellant primarily in the

substitution of Pyrocellulose (12.6%N) for guncotton (13.15%N) and a slight re-

duction in nitroguanidine content. The composition and thermochemical properties

of these propellants are shown in Table I.

In the U. S. today, the M30 pronellant has replaced the M17 pronellant in the

following rounds of artillery ammunition:

I. 2.3-1

-~ - -



TABLE I

M17 AND M30 PROPELLANTS

Propellant M17 M30

Composition

Nitrocellulnse 22.0 28.0
(MN in NC) <13.15) (12.6)

Nitroglycerin 21.5 22.5
Nitroguanidine 54.7 47.7
Ethyl Centralite 1.5 1.5
Cryolite 0.3 0.3
Graphite (glaze) 0.1 0.1
Total Volatiles 0.3 0.3

Thermochemical Properties

Isochor!c Flame Temp., *K 3017 3040
Force, ft-lbs/lb 364,000 364,500
Relative Force to M17, % 100.0 100.1
Gas Volume, moles/gn 0.04336 0.04308
Unoxidized Carbon, % 3.9 3.2
Combustibles (CO + H2 ), % 38.7 41.0
Heat of Explosion, cal/gm 962 974

Physical Strength @ 70°F as measured
by duPont's Side Impact Test, in-ozs 147 323
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Weapon Round

76mm Gun M32, M48 M340AlEl
90mm Gun M36, M41 M353E1

M318A1
M431

105mm Gun M68 M392A1
M456

105mm Howitzer M103, M137 XM606
120mm Gun M58 M358E2
155mm Howitzer Ml, MIAl, M45, M114 M454
155mm Howitzer M126 M107 (Zone 8)

In the early proof firings of the 120mm Delta Gun designed to operate at

pressures in excess of 80,000 psi, using the M30 propellant, the gun tube was

permanently damaged when a slight increase in charge weight was used to reach

a pressure around, 7Q0Q0 psi (Ref. 2). Because of the constant interest in

high pressure weapons and the inherent physical weakness of the compositions

containing nitroguanidine, Picatinny Arsenal believed that the approach for

continuing the development of cool, high force, high strength propellants was

through the formulation of homogeneous rather than filled compositions. Prior

studies had shown that the replacement of nitroglycerin with other energetic

plasticizers would improve not only the mechanical properties but also the force-

flame temperature relationship.

DISCUSSION

Artillery:

The initial study was aimed at the development of a 3000*K flame temperature

propellant composition to replace the standard, cool M30 (47.7% nitroguanidine)

composition. Since the M30 propellant has a high gas volume due to the presence

of the nitroguanidine, it was thought to replace the nitroglycerin by other

nitrate esters, which in addition to being energetic would also provide a

comparable gas volume.
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An examination of Table II and Figure 1 shows that the combination of tri-

methylolethane trinitrate (TMETN)-triethylene glycol dinitrate (fEGDN) using

13.15% nitrocellulose gave a composition designated as XM35 having a gas volume

equivalent to the M30 propellant. It is the capitalization of this gas volume,

produced by these various aikyl nitrates, that makes it possible to produce a

homogeneous formulation having the same force-flame temperature relationship

as the filled M30 propellant. The calculated force of the XM35 was corroborated

by the closed bomb relative force value of 102.1%. Furthermcre, the new compo-

sition has vastly imnroved mechanical properties when compared to those of M30

formulations. As shown in Table II, a five-fold increase in ccmpression strength

can be realized at -40*F.

The importance of the gas volume cannot be overemphasized. For example, referring

to Figure 1 it is noted that although the standard propellant M26E1 is 100*K

hotter than either the M30 or XM35, it has a lower force. This can be attributed

to the lower gas volume.

Knowing that a combination of mixed nitrate esters would give us the desired

increase in gas volume, the next program of study was to explore the possibility

of formulating propellant compositions with increased impetus to produce in-

creased velocity, in the 3300*K - 3400*K isochoric flame temperature range.

This idea was by no means new as in the mid-1950s'the same attempt was made with

RDX propellants. At that time, the RDX propellants eroded the chromium plated

gun so rapidly that the ballistic level of these propellants dropped considerably

faster than with the standard Ml7 propellant. In view of these results, the

study with RDX propellants was discontinued (Ref. 3).

This new investigation lead to the development of two propellant compositions

in the 3300'K - 3400*K isochoric flame temperature range with force values

either comparable or superior to that for any standard propellant known today.
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TABLE II

SUGGESTED REPLACEMENT FOR M30

Propellant M30 XM35

Composition

Nitrocellulose .28.0 58.5
(XN in NC) (12.6) (13.15)

Nitroglycerin 22.5
Trimethylolethane Trinitrate 25.0
Triethyleneglycol dinitrate 10.0
Diethyleneglycol dinitrate 5.0
Nitroguanidine 47.7
Ethyl Centralite 1.5 1.5
Cryolite 0.3 0.3 (added)
Graphite (glaze) 0.1 0.1
Total Volatiles 0.3 1.0

Thermochemical Properties

Isochoric Flame Temperature, *K 3040 3030
Gas Volume, moles/gm 0.04308 0.04339
Force, ft-lbs/lb 364,500 365,700
Relative Force to M30

Calculated, % 100.0 100.3
*Experimental, % 100.0 102.1

Unoxidized Carbon, % 3.2 3.7

Combustibles (CO + HO2), 41.0 57.6
Heat of Explosion

Calculated, cal/gm 974 955
Experimental cal/gm 968 976

Experimentally Determined Mechanical Properties

Maximum Stress @ 145°F, psi 2733 2850
Compression at Max. load @ -40*F,% 8.2 42.3

*Closed Bomb at 0.2 g/cc loading density
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Both compositions use a combination of butanetriol trinitrate (BTTN) tri-

methylolethane trinitrate (TMETN) and triethylene glycol dinitrate (TEGDN) in

lieu of nitroglycerin. These are shown in Tables III and IV and graphically

in Figure 1. As indicated here, the XM34 can be used as a replacement for M26E1

propellant; its force being 17,400 ft-lb/lb or five percent greater with an In-

crease of only 190*K in flame temnerature, while the experimental composition

PPL-A-2923 might be suggested as a replacement for either the M8 or M9 pro-

pellants in mortar applications. For both formulations, closed bomb and oxygen

bomb calorimeter have been utilized to confirm their force and heat of explosion

values.

A review of the mechanical properties data, shown in Tables II and IV, indicates

that the desired goal of improved physical properties was achieved. In passing,

it should be noted that with propellants XMO34 and PPL-A-2923, it was found that

the optimum TMETN/TEGDN ratio was 5:1 to impart good low temperature ballistic

and respectable mechanical properties.

Small Arms:

Very few ingredients hive been considered in the area of small arms propellant

composition studies. However, the development of new formulations that can be

used in small arms applications is within the realm of reality. Several new

ingredients, either already available or being synthesized, can be expected to

present the propellant engineer with the challenging potential of realizing a

greatly improved force-flame temperature relationship. Ingredients to be kent

in mind are the high density crystalline materials of the nitramine type which

have the additional advantage of a high energy potential. it is anticipated

that in the near future such high energy materials as HMX and RDX can be used

to produce propellants with force values ranging from 350,000 ft-lbs/lb to

nearly 400,000 ft-lbs/lb. The effects of these materials are summarized in

Tables V and VI and shown graphically in Figure 2.
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TABLE III

SUGGESTED REPLACEMENT FOR M26E1

Propellant M26E1 XM34

Composition

Nitrocellulose (13. 157.N) 68.7 56.5
Nitroglycerin .25.0
Butinetriol trinitrate (BTTN) 24.0
Trimethylo1ethane trinitrate (TMETN) 15.0
Triethyleneglycol dinitrate (TEGDN) 3.0
Ethyl Centralite 6.0 1.5
Graphite 0.3
Graphite (glaze) 0.1 0.1

K Total Volatiles 0.9 0.8

Thermochemical Properties

Isochoric Flame Temperature, 'K 3132 3320
Gas Volume, moles/gin 0.04164 0.04116
Force, ft-lbs/lb 362,800 380,200
Calculated Relative force to M26E1, % 100.0. 105.1 ®r
Unoxidized Carbon, % 1.6 Zero
Combur;Libl.s (CO + H2 ), 7% 56.2 50.5
Heat of Ex:3losion

Calculated, cal/gm 977 1072
Experimental, cal/gm 949 1075

Ballistic Properties

Closed Bomb at 0.2 g/cc loading density
Max. Pressure @ 70°F, psi 34,800 36,800
Relative Max. Pressure to M26E1, 7. 100.0 105.7

Closed Bomb at 0.447 g/cc loading density
Max. Pressure @ 70*F, psi 109,500 116,200
Relative Max. Pressure to M26El, % 100.0 106.1

Experimentally determined Mechanical Properties

Maximum Stress (a 160*F, psi 4390 4595
Compression at Max. Load M -40*F, 7. 9.2 43.4
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TABLE IV

SUGGESTED REPLACEMENT FOR M8

Propellant M8 PPL-A-2923

Composition

Nitrocellulose (13.157.N) 52.15 44.50
Nitroglycerin 43.00
Butanetriol Trinitrate (BTTN) 24.00
Trimethylolethane trinitrate (TMETN) 25.00
Triethyleneglycol dinitrate (TEGDN) 5.00
Potassium Nitrate 1.25
Diethyl phthalate 3.00
Ethyl centralite 0.60 1.50
Graphite (glaze) 0.10 0.10
Total Volatiles 0.40 0.01

Thermochemical Properties

Isochoric Flame Temperature, 0K 3695 3386
Gas Volume, moles/gm 0.03711 0.04149
Force, ft-lbs/lb 381,500 390, 800
Calculated Relative Force to M8, % 100.0 102.3
Unoxidized Carbon, % Zero 0.50
Combustibles (CO + H2 ), % 37.2 50.8
Heat of Explosion

Calculated, cal/gm 1237 1096
Experimental, cal/gm 1234 1092

Ballistic Properties

Closed Bomb at 0.2 g/cc loading density
Max. Pressure @ 70*F, psi 36,700 37,500
Relative Max. Pressure to M8, % 100.0 W2.2

Experimentally Determined Mechanical Properties

Maximum Stress @ 160*F, psi 609 3669
Compression at Max. Load @ -40*F, % 40.6 48.9

?
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TABLE V

ADDITION OF HMX TO SMALL ARMS PROPELLANTS

Extruded (7M) Ball (7o)

Type Propellant IMR Mod. IMR M18 Mod. M19

Composit ion

Nitrocellulose 100.0 85.0 80.0 65.0
(13.157.N)

Nitroglycerin 10.0 10.0
mx.2)15.0 (2) 15.0

Dinitrotoluene 8.0(2) 8.0
Dibutylphthalate 9.0 9.0
Potassium Sulfate 1.0(1) 1.009)

Diphenylamine 007(l) 07(l) 1.0 1.0

Thermochemical Properties

t Isochoric Flame Temp.,°K 2912 3039 2577 2819
Force,ft-lbs/lb 334,600 350,700 "319,000 350,900
Gas Volume, moles/gm 0.04130 0.04148 0.04457 0.04475'
Heat of Explosion,

cal/gm 891 934 772 820

(1) Added Basis

(2) Coatings
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TABLE VI

ADDITION OF HMX AND RDX TO EXTRUDED-TYPE

SM.LL ARMS PROPELLANTS

Proppllant imR 8138M 20% HMX 20% RDX 47% RDX

Composition

Nitrocellulose (1.3.15%N) 100.0 49.0 49.0 28.0

Trimethylolethane Trinitrate 25.0 25.0 19.5

Triethyleneglycol Dinitrate 5.0 5.0 3.9

RMX 20,0

RDX 20.0 47.0

Diphenyl-amine (Added) 0.7
Ethyl Centralite 1.0 1.0 0.6

Potassium Sulfate (Added) 1.0 1.0

Ethylenedimethacrylate (coating) 4.0 4.0 4.0 4.0

Thermochemical Properties

Isochoric Flame Temp., *K 2808 3038 3055 3286

Force, ft-lb:l/]b 325,000 37i,600 373,700 396,500

Gas Volume, i.ioles/gm 0.04160 0.04397 0.04397 0.04337

Heat of Explosion, cal/gm 890 949 956 1047
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The search for new binders in small, arms propellant technology should not rest

on the modification of nitrocellulose. It should be fully understood that the

physical limitations imposed by nitr cellulose with respect to ccok-off make

it desirable, or even mandatory, that other binder materials be considered.

At present a study is underway to examine the combination of flycar rubber-HMX

(Propellant HES-8028 in Figure 2) in lieu of the conventional nitrocellulose-

nitroglycerin combination. Some of these propellants have been known to with-

stand 350*F. for a minimum of four hours.

Erosion:

It is realized that the erosion of gun tubes by the hot propellant gases re-

sulting from the utilization of the high energy ingredients reviewed above

might be a major problem. However, a significant reduction in erosion was

achieved when titanium dioxide (TiO2) in a wax carrier was coated on a cloth

and lined inside the top section of the cartridge case around the periphery of

the propellant charge. This wear reducing additive method is basically a

Swedish development and was patented in this country by Messrs. Ek and Jacobson

(Ref. 4 and 5).

Laboratory Studies:

An extensive development is nearing completion in the Pronellants Laboratory

relative to gun barrel erosion reducers. A standard 200cc closed bomb was

modified for this study by placing an erosion sleeve of gun metal in a barrel

segment attached to the bomb's gauge housing (Fig. 3) (Ref. 6). Propellants

with or without additives are burned in the bomb. A rubber stopper in lieu of

a projectile is accelerated through the erosion sleeve and the barrel as the

provellant burns. The propellants, with a single-perforated geometry, are fired

at approximately 16,000 psi (the maximum pressure obtainable with this geometry

2*3-13
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to achieve burnout). The weight loss of the erosion sleeve for each series of

firings is a mea3ure of the extent of erosion. All pressures are measured with

a strain gauge (not shown in Fig. 3) and recorded with an oscillograph.

This investigation uncovered that a silica-wax system was as good an erosion

reducer as the titanium dioxide-wax combination (Ref. 7). Its effectiveness

was attributed to the large surface area of the silica Particles and its high

heat content (Fig. 4). Silica has a heat content of 257 cal/gram as compared

to titanium dioxide's value of 210 cal/gram. This finding led to the evaluation

of the commercially available metallic silicates kaolin, kaolinite, muscovite

mica, feldspar, and talc. The latter is a magnesium silicate whereas the others

are all aluminum silicates. Only the talc was significantly more effective than

titanium dioxide for reducing gun barrel erosion. It is of interest to note

that talc has a heat content value of 282 cal/gram (Fig. 4).

A factorial experiment was designed to study the effectiveness of talc vs. TiO2.

Talcs that differed in particle size were obtained for this study. The TiO2

had already been standardized as a wear reducing agent. These additives were

blended with four commercially available waxes ranging in melting point from

120*F to 180*F. The additive/wsx ratios, in turn, were 45/55, 22/78, and 11/89.

Five succeassve firings were made with each sample utilizing M2 propellant

(Isochoric Flame Temperature 3320*K) along with tlie waxes as controls. The re-

sults of this experiment are presented in Table VII. It -;as found that there

was a highly significant difference among the waxes as well as between the talces

and the T1O2 . Moreover, the 0.6p average particle aize talc was signiticantly

superior to the 2.6w talc. The more additive, less wax used in the sample like-

wise vesulted in a significant reduction in te wear of the erosion sleeve.

The insertion of a wear reducing liuer in the cartridge case for small arms

ammunition would be impracticable because of the high leading density of these
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TABLE VII

EROSION STUDY OF TALC VS TITANIUM DIOXIDE

IN WAX CARRIERa

Titanium Dioxide Talcs• "•"0.6 ""2.3 0.6

Additive 0% 457% 227. 117. 457. 227. 117. 757. 22% 117.

Wax Carrier

120 10.2 5.3 8.6 12.1 1.5 6.7 9.0 3.4 4.9 6.0

140 5.7 4.5 7.6 9.4 5.3 7.2 9.0 4.0 4.8 6.7

160 9.3 4.8 7.5 10.3 5.1 6.5 e.7 3.5 4.7 5.7

180 8.4 5.0 7.6 11.0 3.3 5.3 6.9 1.5 3.2 4.0

NOTES:

a. 30 gm of Propellant, M2 (Tv-3320*K) fired with 4 gm blend of
additive/wax carrier consisting of 45 parts additive/55 parts wax,
22 parts additive/78 parts wax and 11 parts additive/89 parts wax,
respectively. The erosion is expressed as milligrams wear for five
successive shots.

b. Melting point at 1 atmosphere.
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rounds and the smallness of the cartridge cases. Consequently, the wear re-

ducing additive, talc, was incorporated in the propellant itself, The data

presented in Table VIII shows that the incorporation of two percent talc in

the propellant base grain was an effective wear reducing agent for both 7.62mm

and 20mm small arms ammunition.

Artillery Weapon Firings:

In order to corroborate the favotable laboratory data for talc, this complex

magnesium silicate has been evaluated in three artillery systems to date.

The 40mm M385 rapid fire, anti-personnel round is fired from a 14 inch length

rifle launcher tube mounted in a helicopter. The ballistics of this round are

obtained by firing M2 propellant (Isochoric Flame Temperature 3320*K) in the

M169 cartridge case containing a plate pierced by six hol6s designed to give a

peak pressure of 30,000 psi in the cartridge case and only 12,000 psi in the

launcher tube (high-low pressure gun). The life of the launcher was approximately

1500 rounds before the hot M2 propellant muzzle gases eroded away the forcing

cone and the commencement of rifling. The 40mm M385 round was ballistically

tested with 100 mg 2.3p average particle size talc added in a polyethylene bag

to the propelling charge at the base of perforated plate. One launcher tube

had over 5,300 40mm M385 rounds fired through it and still had not reached its

condemnation limit (Ref. 8).

In the 105mm gun, M68, the 2.3u average particle size talc/wax mixture (2.3 + 0.5%

of tho piupellant charge weight) was coated on a rayon zloth and lined inside

the top portion of the cartridge case around the periphery of the propellant

charge. No wear occurred in the gun tube from firing 50 rounds each of the HEAT,

M456 and APDS M392 projectiles with M30 propellant (Isochoric Flame Temperature

3040*K). Fifty each of these same two rounds with the standardized titanium

dioxide/wax liner gave wear values of 3 mile and 4 mile respectively (Table IX)

(Ref. 9)
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TABLE VIII

EROSION FROM SMALL ARMS PROPELLANTS WITH AND

WITHOUT TALC ADDED

7.62mm Propellant IMR8138Ma 20mm Propellant CR7814b
2.1% Talc 2.1% Talc

Control (0.61j Control (0.6P )

Web, in, SP 0.0139 0.0133 0.0208 0.0227

Measured heat of
Expl., cal/gm 896 898 879 808

Relative force at

max. pressure, %

at 700F 100.0 97.5 100.0 94.4

at -65OF 100.0 97.9 100.0 94.2

Erosion, mgc 4.8 0.5 5.0 1.2

NOTES:

a. The calculated thermochemical properties of DMR8138M are:

Isochoric flame temperature, 2810*K.

Force, 324,800 ft-lbs/lb.

b. The calculated thermochemical properties of CR7814 are:

Isochoric flame temperature, 2590*K

Force, 308,800 ft-lbs/lb.

c. 30 grams of propellant fired to give maximum pressure of 16,000 psi.
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One hundred rounds were fired Ln the 175mm Gun M113, with the XMI additive

Jacket slipned over the zone 3 bag of the M861EI propelling charge. This jacket

weighed 2.9% + 0.2% of the M6 propellaat charge weight. The rate of wear was

40 mils/iQO rounds using an additive jacket containing a 0.6 p average particle

size talc/wax mixture. Previous data showed that the average rate of wear was

49 m•ils/100 rounds when the additive jacket contained a titanium dioxide/wax

blend (Table IX) (Ref. 10).

Small Arms Program:

A preliminary evaluation has been completed with both particle size talcs in

small arms ammunition. The E. I. duPont de Nemours & Co. manufactured four lots

of CR7Ul4 single-base extruded propellant with talc incorporated in the base

grain prior to methyl centralite coating. In two of the experimental lots of

propellant 0. 6 u average particle size talc was incorporated, and in the other

two lots 2.3p average particle size talc was incorporated. It was planned that

the experimental propellant would contain 1% and 2% respectively of each type

of talc. After manufacture was completed it was found that the two 1U talc

lots contained 1.00 + 0.01% talc; however, the lots that were to contain 2%

talc did not contain the requested amount. One lot contained 1.77% 0.6p

average particle size talc and the czher lot contained only 1.39% 2.3p average

particle size talc. There was no explanatton why-the two lots of propellant

with high concentrations of talc did not contain the correct amount ef talc.

These four special propellant lots were loaded at Lake City Army Ammunition

Plant into cartridges, 20mn,T.P., M55A2 as well as a control lot of 3tandard

WC870 Ball Propellant. The cartridges were loaded to the volocity and pressure

requirements of the ?55A2 cartridge specification. The Lake City Army

Ammunition Plant conducted both the standard Air Force Erosion Test Schedule

of a two hundred round burst followed by complete cooling and the continuous
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TABLE IX

SUMMSARY OF ARTILLERY WEAPON FIRINGS

TITANIUM DIOXIDE VS TALC

Weapon System Wear Rate
Titanium Dioxide Talc

105mm Gun, M68
HEAT, M4 5 6 a 3 mils/50 rds. No Wear in 50 rda.

105mm Gun, M68
APDS, M3 9 2 a 4 mils/50 rds. No wear in 50 rds.

175mm Gun, M4113
XM1 Additive 49 mils/100 rds. 40 mils/100 rds,

Jacket over Zone 3
of Propelling Charge, M8691b

NOTES:

a. Propellant, 1430 (Isochoric Flame Temperatire 30400)

b. Propellant, M46 (leochoric FlPme Temperature 2570*V)
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burst erosion test.

The results of the standard 200 round burst-complete cooling erosion test are

presented in Table X. Also reported in this table are the results of the

erosion tests fired at Lake City AAP in 1966 with a lot loaded with regular

CR7814 propellant and a control lot loaded with the standard WC870 Ball Pro-

pellant. The addition of 1.00 + 0.01% talc to the base grain of the propellant

causes an increase in barrel life, with the 2.3p average particle size talc

giving the larger increase (approximately 29%) in barrel life. The addition

of mrre thafi 1% talc LO Lhe base grain of the propellant causes not only a de-

crease in the barrel life, but also causes a large increase in the extrene

variation of the disqualification points of the barrels in the standard erOsion

test.

The results of the continuous burst erosion test are tabulated in Table XI.

The propellant lot containing the 1.01% 2.3v average particle size talc again

gave the longest barrel life of all lots evaluated, as in the standard erosion

test, but in the case of the continuous-burst test, the barrel life was much

longer than all others tested. The average barrel life of thr~e barrels tested

with the ammunition loaded with the standard WC870 Ball Propellant was 324

rounds, while the average barrel life for two barrels of the ammunitions loaded

with CR7814 plus 1.01% 2.3u average particle iize talc was 721 rounds. In the

continuous burst erosion test the CR7814 prv;',illant containing 1.39% 2.3ý.

average particle size talc gave about the same barrel life as the standard WC870

Ball Propellant and the CR7814 propellant itself (no talc added).

From the foregoing small arms discussion, it can be concluded that the

possibility exists that the incorporation of less than one percent talc in th:

propellant base grain may give a greater increase in gun barrel life th.n the

incorporation of one percent talc. Therefore, It is planned to manufacture two
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TABLE X

STANDARD AIR FORCE EROSION TEST RESULTS FOR

CARTRIDGEA T. F., 20MM M55A2

(200 round burst then complete cooling)

Average
Individual Barrel Reason for Disqualification

Propellant Disqualification Point Disqualification Point
(Rds Fired) (Rda Fired)

Standard 2200 Velocity Drop
WC870 Ball 2143 Ex. Var. 400 Velocity Drop 2048
(Fired in '66) 1800 Velocity Drop

CR7814 2600 Velocity Drop
(Fired in '66) 1737 Ex. Var. 863 Excessive Yaw 2112

2000 Velocity Drop

Standard 2020 Velocity Drop
WC870 Ball 2620 Ex. Var. 600 Velocity Drop 2287

2220 Velocity Drop

CR7814 + 2962 Excessive Yaw
0.99% 0.61 2347 Ex. Var. 615 Excessive Yaw 2569
APS Talc 2399 Excessive Yaw

CR7814 + 2983 Excessive Yaw
1.77% 0. 6 U 1192 Ex. Var. 1807 Excessive Yaw 1784
APS Talc 1176

CR7814 + 2792 Excessive Yaw
1.01% 2.3U 2987 Ex. Var. 587 Excessive Yaw 2726
APS Talc 2400 Excessive Yaw

CR7814 + 1980 Excessive Yaw
1.39% 2.3w 775 Excessive Yaw
APS Talc 2400 Ex. Var. 1625 Excessive Yaw 1710

2000 Excessive Yaw
1303 Excessive Yaw
1801 Excessive Yaw
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TABLE XI

SPICIAL CONTINUOUS BURST E12S ION TEST RESULTS

WTTR CARTRIDGE, T. P., 20MM M55A2

(Excessive Yaw, the Reason for Disqual if icatlion)

Individual. Barrel Average
Propellant Disguallficatic~n Point Disqual~ification Point

Rounds Extremie Rounds
Fired Variation Fired4

Standard4 358
WC870 'Ball 327 71 324

287

CR78ýi4 3,12'
328 56 336
368

CR7814 + 0.997. 649'
0.6i'o APS Talc ý362 287 470

4~00

CR7814 + t.77% 343
0,61j APS Talc 346 6 346

349

CR7814 + 1.01% 741 41 721
2.3wi APS Talc 700

CR7814 + 1.39%
2.3uj APS Talc 355 -355
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additional lots of CR7814 propellant containing talc. These propellant lots

are to contain 0.5% and 0.75% 2.3p average particle size talc, respectively.

Also, a regular lot of CR7814 propellant will be manufactured at the same time

for control purposes. These three lots of CR7814 type propellant, together

with a standard WC870 Ball Propellant control lot, will, be tested in Calendar

Year 1970, in Cartridge, T. P., 20mm M55A2.

CONCLUSIONS ON EROSION

Talc should be considered as a replacement for titanium dioxide in all

standardized artillery weapon systems and evaluated exclusively in newer

ammunition systems now under development.

The incorporation of approximately 1.0% talc in the propellant base grain

improves the barrel life for 20mm ammunition.

The possibility exists that the incorporation of less than 1% talc may give a

greater increase in gun barrel life tban the incorporation of 1% talc.

The incorporation of approximately 1% talc causes a greater increase in barrel

life in the continuous burst erosion test than the standard erosion tests.

Therefore, the incorporation of talc may have more advantages in gun systems

that use long continuous burst.

U. S. Patents Serial Nos: 3,392,669 and 3,392,670 covering the foregoing

presentation were issued on 16 July 1968 (Refs.11 and 12).
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2.3 DISCUSSION:

Douglas E. Ayer: How do ynu explain the, real significance of the

small arms wear reducing data as beinq a function

of talc content In the base qrain when in fact

the deterrent level also varied?

Russell L.Trask: It was not always possible to maintain a constant

deterrent level on the small arms rropellant lots

made on a small scale in the laboratory and

evaluated in the closed bomb. However, the

addition of 1% to 2% talc to the propellant base

grain always showed an improvement in reducing

gun barrel erosion. The deterrent levels, on

the CR 7814 propellants evaluated at the Lake

City Army Ammunition Plant were adjusted to

maintain a constant calorific level. The

experimental heat of explosion values for these

propellants are tabulated below:

Propellant Lot Heat of Explosion
Cal/gram

CR 7814
810

CR 7814 plus 0.99% 0.6,." APS talc 813

CR 7814 plus 1.7n 0.6,4'1 APS talc 797

CR 7814 plus 1.01% 2.3,L APS talc 806

CR 7814 plus 1.39% 2.31A APS talc 798
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2.3 DISCUSSION:

W. T. Ebihara: In evaluating the effect of talc addition in small

arms ammunition, was the amount or weight of

original propellant kept constant?

R. L. Trask: In the laboratory phase of this investigation, the

weight of small arms propellant, with or without

additives, was kept constant*

In the small arms firings conducted at the Lake

City Army Ammunition Plant, the charge weight was

established for each lot of propellant to meet the

ballistic requirements of the 20m T.P., M55A2

Cartridge Specification. The charge weights for

the propellants listed in Tables X and X1 were as

follows:

Propellant Lot Charce Weight
Grai ns

Std WC 870 Ball 618

CR 7814 olus 0.99% 0.6/" APS talc 575

CR 7814 plus 1.771 0.6.,4 APS talc 600

CR 7814 olus 1.01% 2.3,t APS talc 590

CR 7814 plus 1.391 2.3.w APS talc 605
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2.3 DISCUSSION:

A. K. Roberts: At times during your Paper you said the finer the

talc the better, but later you said the coarser

the talc the better.

R. L. Trask: In the laboratory apparatus, we worked at 16,000

psi. Under those conditions the finer talc worked

better. The pressure in actual Pressure tests was

between 50 - 60,000 Dsi, when the coarser talc

gave better results. The difference in pressure

may be one of the reasons. But since we do not yet

understand the mechanism of the wear reduction

action of talc fully, at this time no definite

explanation is available.
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THE CONTROL OF EROSION IN NAVAL GUN TUBES

ADVANCED DEVELOPMENT PLANS

L. A. Dickinson & G. L. Warlick
Naval Ordnance Station
Indian Head, Maryland

The increased significance of the problem
of down-bore wear in existing Navy gun
systems is discussed with appropriate
complementary historical background. So-
lutions to the problem being pursued by
the Navy are presented.

INTRODUCTION

The Navy has long recognized the logistic operational

advantages of improving the life of large caliber guns on

Navy ships. To this end, many approaches have been used

such as the Navy Cool propellant, NACO, the improved Cana-

dian polyurethane foam coolant, and titanium dioxide-wax.

In addition, it will be recalled that the 3"/70 caliber gun

utilized a water-cooled barrel in order to improve life.

Depending on the design and operational rate of fire

of the gun, improvements as high as 60-1 have been obtained.

For example, with the 6"/47 caliber, and for most guns,

proving ground life was extended by 4-1.

The life improvement obtained has been determined by

reduction in wear at commencement of rifling; however, with

increased effective life, down-bore wear also becomes a

life determining factor. Materials which are solid phase

lubricants are therefore being added to the wear-reducing
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liners so that "plating" of lubricant down-bore may occur.

Similarly, addition of metal, etc., to the propellant which

then burns to form lubricants is feasible; talc, when added

to a propellant, presumably serves to lubricate the barrel.

S-The goals of our program are to increase life ten-fold,

and to minimize velocity variations during the life of the

gun tube.

T1TRENDS IN WEAR REDUCTION ADDITIVE DEVELOPMENT

The wear problem associated with high performance,

double'-base, propellants has attracted attention since the

days of Nobel and Abel, who worked on these propellants in

the mid 19th century. Abell'J/ proposed the use of petroleum

1/ F. L. Nathan (discourse delivered at Roy Institute,
'January 29, 1909; reprinted C. N. 1909, p.p. 99, 136, 152,
159) says: "Cordite in the advanced experimental stage
consisted of nitroglycerin and guncotton alone, and as their
combustion produced no solid residue of any kind, the surface
of the bore of the magazine rifle in which the early experi-
ments took place was not fouled in any way. The result was
that the cupro-nickel coated bullets, propelled in succession
at high velocity through a clean barrel, deposited some of
the cupro-nickel in the bore. In order to prevent this, a
number of substances were incorporated with the nitroglycerin
and guncotton, with the object of producing a deposit of the
bore, which it was hoped would get rid of the difficulty of
metallic fouling. Of all these various substances the one
which appeared to answer the purpose most satisfactorily was
refined vaseline, and this material became the third ingre-
dient of cordite as eventually introduced into the British
service. When the manufacture was commenced on a large scale,
vaseline, which is the proprietary name of one of the re-
fined products of the distillation of petroleum, was replaced
by mineral jelly, the seae material, but in a cruder form.
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grease in the cordite propellants developed at Woolich

Arsenal since he considered the grease would lubricate the

barrel! Later work showed that while the grease was totally

consumed, it nevertheless served a useful purpose since it

functioned as an adequate stabilizer from the standpoint of

storage life.

In recent years the success of boundary layer cooling

using foamed plastic jackets 2 ' 3 and particle-loaded wax

liners, has stimulated further study of wear-reduction and

barrel lubrication. Recently, it has been shown that the

characteristics of the particulate matter are important in

determining the degree of wear improvement observed.

Specifically, beside particle size the lubricity of the

particle appears important since talc appears more effective

than titanium dioxide. Talc is well known as a solid

lubricant.

It has been found, for most guns, that the most serious

wear problems occur close to the commencement of rifling

1/ (cont'd) The original object with which mineral Jelly was
Tntroduced was of no importance when cor.dite was substituted
for the black and brown powders used in large guns, but in
order to have but one nature of smokeless powder in the
service, mineral jelly was added to all cordite whether for
use in small arms or artillery. Subsequent experience has
demonstrated how very fortunate was the selection of this
material for rifle cordite and the extension of its use to
all sizes of cordite."
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(C of R); in this region the high flame temperature and

high pressure environment associated with turbulence re-

sults in high heat transfer to the bore of the barrel.

Under high rates of fire, or when very energetic propel-

lants are used, the steel is raised above the AMi transi-

tion point; thermo-physical degradation of the surface

consequently occurs, this is aggravated, of course, by the

engraving process.

Plastic liners (and presumably the talc wax or TiO-

wax systems) primarily reduce wear at the C of R by producing

a cool boundary layer which reduces the heat transfer film

coefficient. (Deposition of white particulate matter may

also minimize the radiative heat transfer process.) The

particulate matter such as the aerosol formed by the de-

graded polymer matrix or any particles deliberately included

may ailso reduce convective heat transfer by minimizing

turbulence adjacent to or in the boundary layer.4

The use of polyurethane jackets and particle loaded

wax liners have been shown to dramatically increase barrel

life using wear at C of R as the criterion (a 4-60 fold

improvement is not uncoi-on-). However, down barrel wear

becomes a significant problem because the continuing fric-

tional wear from the high velocity shells is more notice~able

when barrel life is extended.

2,41-3
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Recognizing that down barrel wear is a problem, a

program is underway to establish che gas dynamic limitationsA

of the boundary layer cooling phenomenon and develop criteria

f or selection of down barrel solid phase lubricants which

will 'be superior to talc. These~, of course, may be incorpor-

ated either into the powder or into the now classical "wear-

reducing" jacket.

The additives selected must meet compatibility criteria

for the base powder and, of course, they must be readily in-

corporated into the powder or jackets. Solid phase lubricants

of greatest interest are graphite, molybdenum disulphide, and

molybdic oxide. They may be incorporated in the glazing of

small arms powders, or dispersed in the matrix of the wear-

reducing jacket.

Work is now needed to optimize the quantity and location

of the solid phase lubricants within the total propulsion

package so as to maximize overall wear-reduction without

sacrificing ballistic parameters.

CONCLUDING REMARKS

In one hundred years of endeavor in the development of

double-base powders, it now-seems that Abel's dream of in-

corporating a bore lubricant to minimize wear is about to be

achieved.

lli i l



REFERENCES

1. Abel, F., and Dewar, J.; English Patents 5614 and 11664,
(1889); French Patents 19846 and 200275, (1889).

2. Dickinson, L. A., McLennan, D. E., and MacDonald, R.;
"Ammunition Sleeve for Cooling Gun Barrels"; Canadian
Patent 742,908.

3. Dickinson, L. A., and McLennan, D. E.; "Improvement of
the Firing Accuracy and Cost Effectiveness of Guns
Through the Use of Urethane Foams"; Journal of Cellular
Plastics, Volume 4, No. 5, May 1968.

4. Picard, Jean Paul, and Trask, R. L.; "A New Additive
for Reducing Gun Barrel Erosion"; ICRPG/AIAA 3rd Solid
Propulsion Conference; AIA Paper No. 68-233, p. 3,
June 1968.

5. Ayer, D. E., Henderson, M. A., and Montoya, R. M.;
"Results of Wear-Reduction Program Associated With
Navy Gun Systems"; paper presented at Gun Tube Erosion
and Control Meeting, Watervliet Arsenal, Watervliat,
New York; February 1970.

2,4-5



2.4 DISCUSSION:

Jean-Paul Picard: 1. Polyuretharke foam has been found to be

Incompatible with double base nronellant

due to the mrigraticn of the NG into the

polyurethane foams, therefore affectingi

the ballistic oerformance of the weapon.

2. Molybdenum disulfide, or qraohite have

not been found to be good anti-erosion

additives, regardless of their effective-

ness as lubricants.

G. A. Warlick: 1. This migration may be true but Navy systems

do not presently utilize the NG type double

base systems.

2. I disagree. Although these two additives

may not reduce the theremochemical

contributions to erosion they do cut down

on mechanical attrition of the barrel

material.

2o4-6



RESULTS OF WEAR-REDUCTION PROGRAMS

ASSOCIATED WITH NAVY GUN SYSTEMS

D. E. Ayer, M. A. Henderson, & R. 'M. Montoya
Naval Ordnance Station
Indian Head, Maryland

"Details of life improvement obtained
using wear-reducing techniques in con-
ventional systems such as 20anm (aircraft),
-- inch caliber, 8-inch caliber, and 16-
inch caliber guns are reported. Wear in,
high velocity, long range sabot projectile
is' also reviewed.

INTRODUCT ION

The problem of gun barrel erosion has long been a

limiting factor both from a cost effectiveness standpoint

and in optimizing performance of Navy guns. Recent devel-

opment programs carried out by the Naval Ordnance Station,

Indian Head, Maryland, provide feasible solutions to the

gun barrel erosion problem.

Deterre-t-coated propellants 'have been employed suc-
cessfully in 20mm gun systems and feasibility studies are

under way in the 3"/5C caliber system. NACO (Navy Cool)

propellant has been utilized in most major caliber Navy gun

systems with significant wear-reduction. Similarly, wear-

reducing additives have been evaluated in many of the major

caliber gun systews and a great deal of success observed.

Although the use of low force, low flame temperature

propellant, has proven effective in limiting the extent of

gun barrel erosion, this approach does not appear feasible



for future gun systems. These lower force propellants dic-

tate larger chamber volumes resulting in a corresponding

excessive mount weight. High impetus, high flame tempera-

ture propellant compositions have traditionally been avoid-

ed in the past because of their known high erosivity.

However, with wear-reducing additive materials or perhaps,

deterrent coatings, these high impetus propellants may be

effectively utilized in our rapid fire gun systems of the

future.

EXISTING AIRCRAFT GUN SYSTEMS

The development of the 20mm, Hk 11 machine gun, having

a rapid fire capability of 4,000 rounds per minute, provided

a serious barrel erosion problem with the use of existing

dinitrotoluene-deterred SPD propellant. Erosion was found

to be as high as .048 inch per podful when using this pro-

pellant.

Based on limited prior experience with methyl centralite

(dimethyldiphenylurea) as a deterrent, experimental batches

of methyl centralite-deterred, 20mm SPD propellant were eval-

uated in both the Mk 11 and 12 machine guns. Significantly

less barrel erosion was obtained, with erosion in the Mlk 11

gun barrel being as low as .004 inch per podful. Erosion

results with varying 20mm propellant formulation are compared

in Table I.



TABLE I
EROSION DATA IN THE MK 11 GUN

Increase in Insert
Propellant Type Diameter/Pod

MC powder (7.95% MC level)* 0.004 inch
MC powder 5.7% MC level 0.006
MC powder (5.37 MC level 0.008
DNT powder (CIL)** 0.025 "
DNT powder (master lot) 0.034
DNT powder (DuPont) 0.048
Ball powder (double-base)*** 0.012 "

* Methyl centralite-deterred
** DNT-dinitrotoluene-deterred
*** Dibutylphthalate-deterred

In the processing of the propellant, methyl centralite

is applied as a coating to the finished extruded grains or

granules with levels of from 4-8% having been evaluated for

this application. Impregnation of the methyl centralite into

the propellant granule is accomplished by a hot water steep-

ing process. Steeping temperature and duration are important

factors in obtaining satisfactory results without adversely

affecting stability characteristics of the finished product.

Agitation within the steeping system has also been found to

improve the efficiency of the process and provide improve-

ments in the degree of impregnation possible. The importance

of adequate impregnation of the methyl centralite into the

propellant granule was established during development. It



has been found that substantial changes in the relative

quickness and progressivity of methyl centralite-deterred

propellant can be obtained as a result of various degrees

of deterrent impregnation. Providing a surface coating

with only slight granule impregnation has resulted in ex-

cessive action time values and a high propellant charge

weight to attain a particular muzzle velocity. In the

particular application cited, cartridge case loading volume

restrictions and ballistic performance requirements have

necessitated an assurance of proper deterrent impregnation

in addition to the usual consideration of factors such as

web size, granule length of cut, and volatile content. Ad-

justment of these latter factors, in an attempt to fully

compensate for the effects provided by insufficient impreg-

nation, have not, for the most part, been successful.

Methyl centralite in conformance with Military Specifica-

tion M-19719 is used fo. this application with the melting

point so specified that a stereochemically symmetrical struc-

ture of the compound is necessary. Sources of supply for

methyl centralite are somewhat limited as present manufacture

involves the use of phosgene as a raw material.

In conclusion, it has been demonstrated that with the

use of methyl centralite as a deterrent coating for 20mm

propellant, significant improvement in barrel wear can be
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obtained over dinitrotoluene-deterred formulations.

Assurance of proper granule impregnation has also been found

to be critical in its effective usage.

EXISTING MAJOR CALIBER GUN SYSTEMS

The principle method for reducing gun barrel erosion in

major caliber Navy gun systems while utilizing standard pyro

propellants is via the gun coolant additive approach. Since

heat transfer to the gun barrel wall arises from the high

temperature gradient at the surface, it is conjectured that

a cool boundary layer between the hot propellant gases and

the gun barrel reduces maximum surface temperature during

1,firing.1,2 The coolant materials that have been investigated

to date may be grouped as 1) oxides suspended in a wax

matrix, or 2) plastic foams. The Navy has investigated two

specific materials, titanium dioxide suspended in a wax

matrix (Swedish Additive), and high density polyurethane

foam. It is hypothesized that the ablative degradation of

the polymer backbone in the case of the foam and the wax with

the Swedish Additive generate the cool boundary layer.

The effectiveness of the wear-reducing additive approach

in Navy systems is found to be dependent on 1) the position

of the ablative material within the chamber or cartridge case

(see Figure 1), 2) the material bulk density, and 3) the

chemical/physical nature of the material. Although the

25-"4



Swedish Additive has been employed successfully in many Navy

gun systems, chamiber residue considerations favor the uti-

lization of the polyurethane foam additive.

The polyurethane foam formulation utilized by the Navy

(Table II) yields a high density, semi-rigid foamed plastic,

chemically compatible with standard propellants. The

material should meet the requirements of the Naval Ordnance

Systems Command's Weapon Specification 12790 of 15 February

1969, 'Weapons SpecificatLon for Sheets, Polyurethane Foam,

for Use In Wear-Reducing Gun Jackets and Liners".

Although immense imprc ,ements in gun barrel wear have

been obtained with the foam formulation specified in Table II,

efforts are continuing at Indian Head to optimize the wear-

reducing properties of the foam as well as physical parameters,

by modifying the formuulation.

TABLE II
URETHANE FOAM COMPOSITION

A. Resin Prepolymer Ingredients: Parts by Weight
Polyethylene glycol 200 10.5
Polypropylene glycol 1200 6.5
Castor oil 36.5
2,4 tolylene d.isocyanate 46.5

B. Catalyst Mixture Ingredients:
Polypropylene glycol 2025 10.0
Glycerine (4.35% water) 7.5
Polyethylene glycol 200 3.75
Ferric acetyl acetonate 0.15
Nigrosine black 0.25
Dibutyl tin dilaurate 0.15

NOTE: Fillers may b6 added as desired to obtain specific
properties.
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Evaluation of wear-reducing additives has been moni-

tored by Indian Head in both test firing programs conducted

at the Naval Weapons Laboratory, Dahlgren, Virginia, and in

the fleet. Table III summarizes the erosion data obtained

in test firing programs in all Navy gun systems investigated

to date.

The Table notes the number of rounds fired employing

either the Swedish Additive or polyurethane foam and the ex-

tension of barrel life realized when compared to a like

number of rounds fired without the additives. The barrel

life extension ratios are given for each of the two criteria

upon which barrel life is based. Additionally, the residue

remaining in the chamber after firing is noted; Navy gun

systems cannot tolerate even trace amounts of residue.

Data suggest that unquestionable reduction in barrel

wear may be obtained by employing wear-reducing additives in

major caliber gun systems, and evaluation in the fleet con-

firms these test results. While in Southeast Asia waters,

from a period beginning 30 August 1968 and ending I May 1969,

the 16"/50 caliber guns of the USS New Jersey exhibited ex-

tensive reduction in barrel erosion while utilizing wear-

reducing additives. Table IV summarizes these data.

Examination of the data in Table IV leaves little doubt

regarding the effectiveness of wear-reducing additives. The

equivalent service round figures may be interpreted as a
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TABLE IV
EROSION DATA - USS NEW JERSEY

(Based upon equivalent service rounds fired.)

Gun No. FCR* ESR** FCR + A*** ESR

400 165 71 331 8

444 193 83 221 -6

391 182 78 266 -10

317 148 63 124 11

399 184 79 196 -31

395 200 86 178 -22

320 164 70 137 13

454 188 81 275 2

449 182 78 248 6

TOTALS: 1606 689 1976 -'29

* Full charge rounds fired utilizing the 1900 pound pro-
jectile with standard Navy pyro propellant.

** Equivalent service round figure obtained.
*** Full charge rounds fired utilizing the 1900 pound pro-

jectile with standard Navy pyro propellant with wear-
reducing additive.

measure of wear in a major caliber Navy gun based upon the

following definition: one ESR unit corrbsponds to that

amount of gun barrel wear in a given gun system attributable

to the firing of the Navy heavy (2,700 pound) armor piercing

projectile, employing a full propellant charge of hot (pyro)

propellant. Therefore, from the data presented in Table IV,
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we can conclude that the gun wear obtained, utilizing wear-

reducing additives, is negligible in comparison to the wear

attributed to those rounds fired .oithout additives.

The negative ESR's obtained reflect upon a phenomenon

that has been observed in Navy gun systems employing the

wear-reducing additive. It is hypothesized that a residual

wear-reducing effect occurs when additive-containing rounds

are followed by non-additive rounds. This phenomenon is

being investigated further at the Naval Ordnance Station,

Indian Head.

LONG RANGED, HIGH VELOCITY GUN SYSTEMS

With the use of higher energy gun propellants to attain

substantial range performance improvements, barrel erosion

has become a critical area. The development of the 8-inch

fin-stabilized Long Range Bombardment Round (LRBR) under

Project Gunfighter required the usn of an M-26 double-base

formulation to achieve the necessary muzzle velocities..

Swedish Additive boundary layer coolant was used in the de-

velopment of the 8" LRBR as a liner around the forward bag

charge to minimize barrel erosion. For the standard 8"/55

caliber rounds in which the lower energy, single-base pro-

pellants are used, only 2.87% of the charge weight can be

tolerated before residue problems are encountered. With the

8" LRBR, a level of 4.67. was used successfully. Barrel wear

developed in firings of the 8"/55 caliber LRBR in a Mk 15,

iI•
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Mod 3 barrel (which does not contain any chrome plating)

using the higher energy propellant, show that in the first

quarter of barrel life the wear rate is only 1.08 times that

of the standard ro,.und using single-base propellant. How-

"ever, in third and fourth quarters of barrel life an average

wear rate of 2.23 times that of the standard round was ob-

tained. This would indicate that while erosion could be

controlled effectively with bpundary'layer coolant under new

barrel conditions that as wear advanced the coolant became

less effective and other factors in the metallurgical deter-

ioration of the barrel were predominant. The wear factors

indicated above are based on the standard origin of bore

diameter enlargement.

Looking at the wear in the entire length of the barrel,

it has been found that in the forward 250 inches (muzzle

end) a lower wear rate is obtained for the LRBR as compared

to the 8-inch standard round. This is attributed to the

design differences in the projectile obturation systems. In

the case of the LRBR, a center-riding sabot with a traveling

seal polypropylene wedge is used, as opposed to the standard

round copper-driving band configuration. The advantage of

less mechanical attrition with the plastic material is

evident, with the differences in propellant flame temperatures

in this area of the barrel not being the predominant factor

in wear. It is felt that further significant reductions in
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erosie, ,ith coolants other than Swedish Additive (such as

polyurethanes) can be accomplished with such higher energy

systems as the LRBR and further evaluation programs being
proposoed,.
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2.5 DISCUSSION:

C. M. Dickey: What would you say is the correct concentration

of methyl centrallite as a function of distance

into grain?

D. E. Ayer: Tests show that 8% mc level by weight is the

ontimum concentratinn. The location (penetration)

is requlated by processing technique.

H. Gisser: Has polystyrene foam been studied as an erosion

nreventive?

D. E. Aver: Yes. We have oroblems therein regulating the foam

density. Also, the volatiles in our existing

solvent processed pronellants attack nolvstyrene.

H. P. Gay: I vaguely remember that in the early days of work

on foams by the BRL and CARDE density was of orime

imortance. Would you comment on that?

D. E. Ayer: It certainly is. An increase in density serves to

increase the reduction in wear; but if densities

are excessively high, residue Problems are

encountered.
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?.5 DISCOSSInN"

I. Ahmad: What would you exnect, if wenr m•ducinn anents such

as Tin 2 or talc are mixed with the polyurpthane foam(?

Will the nerformance of the latter itmnrnv, consider-

ably?

D. E. Ayer: Since the wear reducina nronerties of the inorganic

oxide additives are well known and an increase in

hulk material density would be realized if it were

incornorated in the foam. I think the wear reduction

would be definitely improved. A prohlem in complete

consumption of the wear nackage would have to be

contended with. Some data has already been generated

with the Tin 2 -nolystyrene combination by Picatinny

which suggests improvement. I will be glad to furnish

the reference on reouest.

E.L.Bannister: What is the effect of polyproplyene rotating hand

on 8/55 projectile, with regards to down tube wear?

PEAyer: Cuts down on mechanical attrition due to lower co-

efficient of Kinetic friction.

E.L.Bannlster: Statement ropardina nolyurethane liners: Polyurethane

reduces wear primarily by forming a cool layer of

gas that flms laminarl1y alonq the base surface

thus reducinV the heat flow from the hot gas into

the base surface.
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2.5 PISCIISSIOM:

f, E. Aver: True, hut chemieal thermodvnamirs must also be

considered. This mechanism (cherical) has never

been clearly defined,.

J. .Frankle: Can you calculate the detailed interior hallistic

nerformance of weannns wi th deterrent-coated

nronel I ants?

F.S.Hodqson: Gun nrrnulsion technoloqists at MnS simulate the

interior ballistic nerformance of qun systems by

the dicital comuter rronram develooed by Paul S-.

Baer and Jerome Frankle. Some work has been done

to simulate M.lO" ballistics ohtained in firinos

usinn M. C. deterred Pronellant. The work, while

incomnlete, does indicate the feasibility of

ohtaininQ nood simulation.

As a first an roximation it is assumed that mradients

in adiabatic flame temeratures and nronellant

lwietus do not contribute a first order Influence

on deterred oronellant ballistics. The deterrent

coating most %tronly influences the burningi rAte

profile. It is pnssihle to derive burnina rate

versus nressure data from standard closed vessel

firings. This information ii suftnlied as hasic

innut to the Baer-Frarskle 'rorar,'. A more occurnte
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2.5 rnTIS~!SInMl:

F.S.1todnsnn: sirulatinn can he envisioned if initial and

intermediate flame temneraturp and irmetus values

are knewn. This is accomnlished hv nronrammine the

comnuter to accent new "asic innut dmta as a function

nf fractinn of weh hurned. Siulations of thi% tvne

are currently heinr investitnated at tInS.

C.M.Crenshaw: What is the lone tern storAqe stability of the

inhibited vronellants Pt 160)F or at -4n°F as in

arctic and tronical desert sites?

F.S.Hndqson: Various studios havw been conducted to deternmine the

lonn term stnraee stability oF methvl centrAlite and

dinitro toluene deterred nrnnellants at hitnh and lcw,

service. te•eratures. In peneral these tosts indicate

that the deterred single base comnositions have

sunerior storacie characteristics when compared with

double hase hall nronellant. Ballistic irreqularitv

in the ball nrnnellant is attributed to the orrduml

migration of the dibutvl pht'halate deterrent into

the nitro-qlycerin. No similar soluhility nroblem

exists in the case of the deterrod sinole hasR

comosi ti on.
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A
BALLISTIC STABILITY OF PICRITE PROPEILAr2 CONTAIAINIG

TITANIUM DIOXIDE

.rs. D.J. Taylor, Royal Armament Research and Development
Establishment, Fort Halstead, U.K.

ABSTRACT

"icrite propellant containing 2% Titanium Dioxide has
been stored for four years in sealed kilner jars and
in unsealed wooden boxes in heated magazines. Closed
Vessel firings have been carried out at frequent
intervals and have not detected any changes in the
ballistic properties of the propellant.

Introduction

In 1964 it seemed protable that the requirement to reduce wear in

high performance guns would be met in U.K. by the actur.l addition of titanium

dioxide, rTiO0 to the ;ropellant. Since any departure f'rom s-tandard propellant

compositiono is inevitably viewed with grave suspicion, particularly in fear

that the stability of the propellant may be changed, it was decided to start

trials to investigate the effect on ballistic stability of incorporating

TiO2 on picrite ;ropellant. The propellant chosen for the experiment was

1N1 (NG 20.6,J, NC 2B.M;/Picrite 55VCarbamite 3.6,) which has a flame

temperature of 2800 0K and a calorific value of 580 cal/gm (4.L.). This

propellant .,as selected as it is used in virtually all U.K. high performance

rounds and inevitably gives a high wear rate. Any reduction in wear would

give a ueeful bonus in life of the gun and maintensnce of new gun

performance.
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Method

Two lots of the standard composition were seeected to act as

controls. One lot was 2 years old and the other was a new lot just

completed maz,ufactire. Lots of different ages were selected to minimise

the risk of both lots altering at the same time. The third lot was

specially manufactu.-ed and was of the same composition but with the addition

of 2,. TiC After 7reliminary Closed Vessel tests for homogeneity the lots

were put on magazine storage. The old lot, half the new lot and half the

experimental lot were stored in sealed kilner jars. The remainder of the

new and experimental lots were stored in normal wooden propellant boxes, to

*llow the propellant to change easily if it was going to do so.

The propellants were stored in nominally heated magazines but

neither temperature nor humidity was controlled though both were recorded.

Temperatures varieu from 3600 to -1°C (when the heating broke down).

Temperatures were normally above 15°C. Relative humidities varied between

39 and 97% but was normally above 60%.

Samples of all variants were fired in the Closed Vessel (CV) from

February 1965 until Dncember 1966 and then every four months approximately

until May 1969. At tae same time total volatile material (TVM) content

was determined for ep.ch variant.

Results

The CV and TVM results are shown in the table attached as

Appendix 1. The CV results were worked out in terms of the percentage

variation in Force, Quickness and Vivacity of each sample from the group

m,'an of all five samples.
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The spreads in Force recorded during the trial with any one sample

were small varying from 0.4% with the old lot to 0.7% with the new lot in

wooden boxes and the experimental lot in kilner jars. No variant showed

any trend with time.

Spreads in vivacity were also small varying from i% with the new

lot in jars to 1.3% with the old lot and the new lot in boxes. Variations

in quickness were similar varying from 0.9% with the new lot (both types

of storage) to 1.4% with the old lot. There were no trends with time in

either vivacity or quickness with any sample.

The TVM content of all samples dropped from about 0.2. to 0.1%

approx. during the trial. There was no difference between samples stored in

sealed jars and unsealed boxes.

Conclusions

Propellant NQ containing 2% TiO2 showed no sign of any ballistic

instability during the 51 month period of this trial. As it was unaffected

by storage in wooden boxes it seems probable that it will have an adequate

ballistic life. It is concluded therefore that TiO2 may be incorporated in

picrite propellants to reduce gun wear without ary fear that ballistic

stability of the propellant will be adversely affected.

......... . .



APPENDIX I

Clobad Vessel Results and TV., Content

a r an t

an6le A:- J ,-7-047 ( years old at start of trial) Stored in sealed kilner jars.

:ample B- :4V3 207-047 (rnew lot) Stored in sealed kilner jars.

ja.mple 23- / `07-047 (new lot) Stored in wooden boxes.

Sampl• D:- L/3 207-047 (including 2"' PiO2 ) Stored in sealed kilner jars.

l :- NX'r 1u74)47 ( "" ) tored in wooden boxes.

Table I

T.: Content and PercealageVariation in Force from
Group Mean

Jvnple A 3ample B Sample C Sample D Sample E

Date T Variation Variation Variation Variation Variation

aeTV in Force TVM in Force TVM in Force TVM in Force TVM in Force

14 M

./65 .23 + 1.6 .19 + 1.5 .19 4 1.3 .20 - 2.14 .20 - 2.2

3/65 .20 1.5 .24 1.55 .21 1.4 .19 2.2 ' 18 2.4

4/65 .221 1.3 .24 1.4 .27 1.3 .24 1.9 .25 2.2

U/65 .12 1.4 .09 1.4 .13 1.4 .11 2.0 .09 2.3

3/65 .1( 1.4 .21 1.3 .18, 1.4 .20 2.1 .20 2.2

i0/65 16 1.5 .19 1.4 •20 1.2 .20 2.1 .23 2,•2

12/65 .20 1.5 .21 1.3 .16 1.5 .271 2.1 .20 2.1

2/66 .14 !.2 .19 1.4 °15 1.2 o15' 2.0 .15 1.9

4/66 .14 1.6 .14 1.4 .11 1.5 .19 2-.5 .15 2.2

6/6- .18 1.3 .13 1.3 .13 1.1 .17 1.9 .17 1.9

1/66 iu 1.4 .20 1.1 .19 1.7 .2o 2.0 .19 2.3

10/66 .-9 1.4 .12 1•.3 .17 1•.3 .09 1.9 .14 2•.3

12/66 .19 . .18 1.3 .17 1.5 .14 2.1 .13 2.2

i/67 .," 1.4 .17 1.6 .19 1.4 .17 NR .17 2.3

6/675 5 1.. *V 1.4 .17 1.4 -15 2.1 .13 2.

J/67 .1 1#,3 .13 .0 .17 1-.3 .12 1.8 .15 2.0

1 .j .. .i .10 1-. .08 2.2 .10 2.3

/, 1.5 .'4 1.4 .15 2.3 .11 2.3

It 13 1.1 .11 1.0 .12 1.9 .10 2.0

,,b9 I .5 0.7 1•.4 .07 1.3 .06 2.3 .o 2.0
,IL ,. ', Io . .O .5 .011 I.S all 2.4

:,"&I - 0.7 1 - 1 0. -1.

?.,-



Table II

Vivacity and &uiokness
Pernentage Variation from Group Mean

S3ample A Sample B Sample C Sample D S3mple E

Date Var"ition in Variation in Variation in Variation in Variation in
V , V(%

_____Iv )~ )v ,o) • ( ,) 4(:•) v(%) 4(;) v(,) •( :)

2/65 2.6 + 4.1 + 3.5 + 5.0 + 3.6 + 4.8 - 5.1 - 7.7 - . 7.8

3/65 ?J+ 3.7 3.6 4.9 4.0 5.2 5.7 8.0 5.2 7.8

4/65 3.0 4.2 3.4 4.7 3.2 4.3 5.4 7.5 5.0 7.5

6/65 3.3 4-5 3.0 4.3 3.4 4.7 5.5 7.7 5.0 7.5

V/65 2.5 3.8 3.4 4.6 3.5 4.7 5-0 7.3 5.2 7.7

!0/65 2.5 3.9 3.7 4.9 3.8 4j.9 5.2 7.4 5.7 •.i

12/65 -1.4 4.5 3.4 4,5 3.2 4.5 5.5 7.8 5.4 7.7

2/66 2.9 4.0 3.5 4.8 3.9 4.9 5.6 7.8 5.6 7.8

4/66 2.4 3.9 3.4 4.7 3.5 4.9 4.7 7.4 5.4 7.7

6/66 ý3.2 4.4 3.6 4.8 3.6 4-5 5.6 7.7 5-.7 7.9

8/66 3.0 4.3 3.6 4.6 2.7 4.3 5.1 7.3 5.0 7.5

10/66 3.7 5.0 3.5 4.7 3.a 4.6 5.8 7.8 5.6 8.3

12/66 2.7 4-.0 3.6 4.8 3.9 5.2 5.6 8.0 5-5 7.8

4/67 2.4 3.6 3.3 4.3 3.6 4-9 NR NR 5.0 7.5

6/67 2.7 3.9 3.5 4.9 3.4 4.6 5.2 7.4 5.2 7.o

10/67 2.6 3.9 3.5 4.0 3.9 5.1 5.3 7.3 5.6 7.7

2/68 2.8 4.2 '.8 5.2 3.7 4.9 5.2 7.6 6.1 8.6

5/68 3.0 4.4 3.5 4.8 3.9 5.1 5.5 8.0 5.8 .-4

21/68 2.5 3.9 3.7 4.6 3.6 4.5 4.9 6.9 5.7 7.9

2/69 2.6 4.9 4.0 5.2 3.4 4.5 5.2 7.7 5.6 7.8

5/9 ý23 -4-8 3.j-,L 7 - -7 6.0 F.6

1-11. N 1.3 .0.9, 1 1 1- 1 -

7.6-4
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2.6 PISCtSSIrnN:

SE. levy: 1. noes UK attach much sionificance any more to

cnncent of accelerated stsbilitv testino (e.a,,

MATn-lsOF-3l1 day test)?

2. Is UK concerned ahnut desert storane conditions

any more?

Mrs. ,Tavlorr 1. Picrlte oronellants deteriorate ranidlv on

cycle storage where temperature noes un to 14 0°F or

hi nher. AustrAlian storane trials at Manus island

have shown that these nronellants withstAnd 5 veers

under nenuine tropical cond'itins And that P cycle

noina un to 115F is more realistic.

2. UK is not concerned about desert storage conditions.

We exnect the user to orotect his ammunition.

Ballistic tests have been carried out on ammunition

stored at Rahrein for a year or two. The bollistic

chanres had occurred.

A. Victor Nardi: What do you consider a realistic hioh ten'erature

for storaoe of oronellant?

'rs. D. Taylor: At temerature above 1200F, nicrite aropellants

start deterioriatina ballistically within a few

weeks.
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PRELIMINARY STUDY ':r TIIF EFFECT OF SWEDISH

ADDITIVE ON THE 175"IM GUN TUPE

Reinier Beeuwkes, Jr.
Arthur Kant

Kenneth MToon

Army Mater-ý ils and 'Mechanics Research Center
Watertown, '!assachusetts

ABSTRACT

The rature of the gaseous environment in the 175-mn
gun tube %,as studied in terms of noss'ible chemical eeui-
libria and simple stoichiometric relationships. Possible
effects of the gases on crackfnp In tne gun tuhb were dis-
cussed, but no defiLte concluslo. 6 seem po,•sible without
additional experimental study,, It waý concluded that the
Swedish Additive must remain segregated at the tube wnll
to be effective in reducinp erosion. Some: cotmrents have
been included concerning the p:'ss!Vle meclhanism lv whi7h
the Additive reduces erosion.

Introduction

Recently, bore cracking has been observed in the 175-mm g-un tube, and

ha3 caused concern to the extent that there have been proposals to alýninats

chromium plating of the bore on the assumption that the cracking might be

due to hydrogen embrittlement induced by plating. Since chromium plating is

effective in reducing erosion, it seemed unx:ise to eliminate the plating with-

out a better fundamencal underr•tanding of the entire system, including the

baseous environment to which the gun steel is exposed during firinp. in par-

ticular, the chemical 1'ehavior of the Swedisn Additive (Ti.0 rlus paraffin)

is not well understood. Sore work 'hearing on this problem ,a*i been done at

SPicatinny Arsenal 1 ani a contract has been placed with the Illino1.- Institute

2
of Techno'ogv, but at present there seems to be available no s9,stematic

study of the pessible chemical reactions in the system, haqed on free enerpv

?,7



criteria. The purpose of this report is to provide such a svstematic study,

at least In a preliminary fashion, and to point out possible implications of

the calculated data for the problem of cracking in the gun tube.

Conditions Prevailing in Burned Propellant Without Swedish Additive

The propellant in question iF M6, whose chief components are 85% nitro-
3

cellulose and 10% dinitrotoluene. The loading density is 0.20, 0.36, or

40.53 g/cc. The observed peak pressure is 11,600, 22,200, or 51,000 psi,
4 3

respectively, which is much lower than the expected pressure if burning

were completed before the projectile began to move. To estimate the tempera-

ture corresponding to peak pressure, we have assumed that the conditions

prevailing at the time of peak pressure are the same as would have resulted

if the projectile had not begun to move until burning was completed, and then

had advanced up the gun tube at constant gas entropy until the Pressure had

dropped to the observed peak value. This approach admittedly has weaknesses,

but we think it provides the best estimate that is easily computed. prom

Figure 5 of Reference 3, this estimated temperature is about 210n to 210o K,

with little dependence on loading density. The chief gas species are CO2'

CO, H 20, it2, and N2 . To a good approximation, the first four species exist

in proportions determined by the composition of the propellant and the tempera-

ture, as defined by the reaction

CO2 (g) + H2 (g) - CO(g) + H 20(g), (1)

for which the free energy of reaction, A PF, is 7520 - 7.05 T calories at
,

T degK. As the gas cools, the relative amounts of the gas species change

until about 1600 K, below which no further change occurs for kinetic reasons.5

Typical values of the mole fraction of hydrogen in the gas are 0.19 at 2100 K

*tee Ar~endix I for an outline of the method nt calculatinp eunulubriur

proportions from free energy data.
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3and 0.18 at lO6 K. Thus, peak partial pressure of hydrogen will be around

21(0, 40,00, or 9200 psi, depending on the loading density.

rhvese hi1.0 hvdroge:i Pressures clearly represent a potential for dis-

solution of suhstantial quantities of hydrogen in the gun steel. Whether or

not d;solutton occurs will depend on the presence or absence of a passivating

laver of adsorbed oxygen (or perhaps other material) on the surface. if

hvdropen can enter the steel, the ease with which it can depart after the

high-nressure pulse is over may be strongly influenced by presence or absence

on the surface of substances which inhibit recombination of hydrogen atoms.

Dept'i of penetration during the pressure pulse would be no more than, say,

one micron, but subsequent diffusion could proceed to depths of the order of

millimeters, even at room temperature. However, the course of diffusion of

hydrogen in steel is known to be highly complicated by the existence of traps,

such as carbide particles, grain boundaries, and other imperfections. The

kinds and mechanisms of damage which the hydrogen might produce in the steel

are also highly complex.6,7,8,9 There is a vast literature bearinp on all

these points, but a critical review is not within our present scope. The

four references cited are given merely as examples. It is our opinion that

a thorough literature review. essential though it will be, will not by itself

Provide comnlete answers to the practical problem of cradcinp in the 175-me

run.

If it should turn out that hydrogen does dissolve in the gun steel when

the gun is fired, it would follow as a corollary that any hydrogen embrittle-

ment produced by chromium plating would have to be attributed to spontaneous

damage of the steel after plating but before firing. This is not a novel

interpretation of chromium-plating induced hydrogen embrittlement; never-

.7



theless, we wonder whether scrupulous attention has been paid to the baking

10
operation following platinp.

Effect of Swedish Additive if Homogeneously Distributed

The Swedish Additive consists of a blanket of a TiO2 -paraffin mixture
1i

placed around the propellant charge. The ratio by weight of TiO to
2

paraffin is specified as 46:54, and the ritio by weight of the AdditiveII

to the propellant is 2.9%, 4.3% or 7.q%, depending on loading density.

If thorough mixing of the Additive and propellant occurs rapidly in com-

parison with the burning time of the propellant, a slightly lower gas tempera-

ture will prevail, and the proportions of the various gas species will differ

slightlv from those which would exist in absence of the Additive. These

effects could be calculated by the method described in References 3 and 5,

but for the present purposes a less laborious approach will serve. General

knowledge of hydrocaron chemistry gives us confidence that the paraffin

(assumed to be decane, CiOH2 2 ) will contribute all its carbon and hydrogen

atoms to the gas mixture, but it is not possible to make .nttiitlve aq~umntinns

about the fate of the TbO2 * We have made calculations of the type described

in Appendix I, which showed that in a typical burned pronellant environient

Te, can 1, reduced to Ti 0 but not to lower oxides, TiC, or TiN. Thus
3 5

just one sixth of the oxygen in the Additive is available chemicallv, and the

remaining solid oxide is inert. For the temperature effect, we note that Lhe

heat of formation of C1 0 112 2 , on a w..ight basis rather than mole basis, is

much smaller th~n that of ethyl alcohol, C2 V5OH. (See Table A-1 of Appendix

I, where the temperature-independent term in the expression for Ar* is the

heat of formation.) We therefore assume that the cooling effect of the Addi-

tive will he less than that of ethyl alcohol, for which calculations have
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3already been made. As a measure of the change in composition of the gases,

we define an index of the composition of the charge, thus:

I- [ (1) + 4 (C) - 2 (0)] / ( 1) + 2 (C)], (2)

l.,here (II), (C), and(,) a'e the numbers of atoms of hydrogen, carIon, and

oxygen, tn the charge. The significance of the index is that &s I anproaches

u•-ity, the amounts of H 20 and CO2 in the burned charge apprnach zero; for

I > 1 there would be free solid carbon and/or hydrocarbons. As I approaches

zero, the amounts of H1 0 and' CO in the burned charge approach zero; for nega-

tive I there would be free orypea. Thus, I is a measure of the chemical

reducing. power of the gases.

Applying these ideas to the 175-mm gun at highest loading density, for

11
which the Additive produces a marked reduction of erosion, we find from

Fipure 16 of Reference 3 that the cooling produced by the Additive should be

less than 200 K, and that the index I would be chan.ned from 0.76 to 0.80.

It is our opinion that these changes are too small to account for the ob-

Rerved effect of the Additive, and we therefore conclude that the effective-

neas of the Additive depends upon its remaining essentially segregated and

in contact with the surface of the gun tube. This points up the importance

of applying the Additive snugly to the wall of the chamber.

Effect of Additive if Remaining Segregated

If the Additive remaina sigregated for an appreciable time, it is

probable that the pressure of the Additive will very rapidly equalize with

that of the propellant gases, and that the temperature will equalize less

rapidlv than the pressure but more rapidly than the composition. le cannot

be nure whether temperaturo equalization will occur in the time available,

however, so we must consider possible reactions within the Additive layer at
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high pressure and low temperature, as well as at high pressure and high

temperature.

The speciiied composition of the Additive corresponds to 1.5 moles of

TiO2 pe7 mole of decane, which suggests that we investigate reactions such as

20C1 it 2 2 (g) + 3TiO2 (s) - 3TiC(s) + 6CO(g) + 11CII4 (Q) (3)

or 2C 10 112 2(g) + 3TiM2 (s) - 3TiC(s) + 611 2O(g) + 8 C11 4 (g) + 9C(s)

Calculations ot the type in Appendix I give the following results for

percent completion of the reaction, in each :ase assuming that no other

reaction occurs:

T P Percent Completion
deg K psi (3) (4)

1000 51,000 7 52
2000 51,000 100 100
2000 11,600 100 100
1000 5,000 100 100

Actually, hydrogen and other hvdrocarbons would also be expected. If the

temperature is high enough to permit equilibrium, the amount of.hvdrogen

which must exist if solid carbon is present and the mole-fraction of methane

is 0.5 would be:

d4j K psi

1000 51,000 0.02
2000 51,000 0.16
2000 11,600 0.34
1000 5,000 0.05

Similarly, if the mole-fraction of hydrogen is 0.1, and solid carbon is

present, we calculate:
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T P X XCH X X XCO
deg K psi 4 2 24 26 Xl211I 0

2

1000 51,000 - 0.00 0.00 0.27 .01*
2000 51,000 0.19 0.00 0.00 0.00 24
2000 11,600 0.04 0.00 0.00 0.00 105
1000 5,000 - 0.00 0.00 0.00 .1i±

A The corresponding value for X - 0.02 is 0.05.

2
4. T!,e corresponding value for X - 0.05 is 0.22.

12
It is, of course, open to question whether the reactions will be possible

kineticallv, even when favored thermodynamicallv. If the TiO2 does not

react for kinetic reasons, the decane will very likely decompose anyhow,

"because its free energy of formation is large and nositive at elevated tem-

perature, and decomposition is not likely to be kinetically difficult. If

TiC does form, and later the Additive and propellant gases become homogeneous-

ly mixed, the TiC will be reoxidized to Ti 0 if the temperature is still
3 5

high enough to permit the reaction kinetically.

It will te noted that if the Additive temperature does not rise much

above 1000K, the thermodynamic calculations indicate that the hydrogen

concentration at the gun tube surface may be much lower when Additive is

used than when it is not used. This might help to reduce the tendency for

crack formation in the tube. On the other hand, the Additive provides a

strongly reducing atmosphere adjacent to the tube wall, in contrast to the

relatively neutral propellant gases. (The index I for the Swedish Additive

alone is 1.33 if the TiO2 reacts as in equations 3 or 4, and is 1.48 if

the TiO2 is inert.) If the gun tube surface, in absence of Additive, is

rendered passive b': an oxygen film, the strongly reducing layer of Additive
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might open the wav to penetration of hydrogen into the steel, with results

comparable to those described by Hancock and Johnson. 9

Although we are not primarily concerned here with the problen of erosion,

it may be worth while to mention a few suggestive points which arise from

"our calculations. If the Additive reduces erosion by providing a relatively

cool and reducing blanket adjacent to the gun steel su-face, as seems

1
probable, one may ask what is the role of the TiO2 in the Additive. Two

possibilities not considered in Reference 1 occur to us. One is that the

TiO 2 enhances the cooling effect bv making possible reactions like (3) or

(4), which are highly endothermic, and depend on the entronv term for a

favorable free energy. The heats of reaction are 284 kcal and 155 kcal,

respectively. A second possiblility is that erosion reduction is due, at

least in part, to deposition of TiC (a very hard material) on the surface

of the metal.

Another noint is that reactions (3) or (4) piobably would not occur

unless the temperature were really quite high. Thus, in guns operatinp at

relatively low temperature the TiO2 might be of little benefit in reducln-

gaseous erosion, and might accelerate abrasive erosion. Abrasive erosion

would be particularly objectionable if it produced faster than normal

erosion at some distance along the tube, away from the origin of rifling,

because it might produce a hiatus in the rifling which could be more serious

than a comparable amount of erosion at the origin. We do not mean to imply

that an observed peak in erosion part way along the rifled tube is necessarily

evidence that abrasive erosion is occurring; a peak could also occur If the

beneficial effects of the Additive decreased, as a function of distance along

the tube, more rapidly than normal erosion without Additive decreases.

2.7-7



The above comments about the role of TO 2 are highly speculative, but

t h e v atre worth following up, because if it turns out that TiO2 is not essen-

tial, it would be possible to design an Additive that would be cheaper and

much oasier to handle.

Concluding Remarks

It is clear that the gaseous environment could play a very important

part in tube cracking, but it also seems clear that no convincing theory

of such an effect is possible in our present state of knowledge. More

experiments will be needed, and we believe that in such a complex system,

experiments are likely to prove fruitful only if carefully tailored to an

appropriate conceptual framework, so that critical points may be recognized

and tested. The conceptual framework involves such diverse fields as

pronellant chemistrv, internal ballistics, metallurgy, flow and fracture of

solids, etc., so the experimental stud" should be a team effort, with the

team including experm in all pertinent fields.
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APPENDIX I

Given a chemical reaction

aA + bB + ... -cC + dD + ... (A-i)

the free energy of reaction, AVM, can be computed by the relation

A Fe - C A FPC + d A F;D + a A F b A F;B- -2)

;A (A3

where A F is the free energy of formation of species i from itscomponent

elements, all in their standard states. le have listed values of AF ;i, for

the species with which we are concerned, in Table I. From A F* the equilib-

rium constant K can be computed by use of the relation

-RTInK- A F* (A-3)

where R is 1.986 cal/(*K mol), and

K-(thermodynamic activity of C) (thermodynamic activity of D)d
K -a (A4

(thermodynamic activity of A) (thermodynamic activity of B)b....

-where the activities are those existing in an equilibrium mixture of the

several species Involved. For solids in their standard state the activity

is unity, and for gases the activity is PXi where Xi is the mole fraction

of species i in the equilibrium bas mixture, and P is the total pressure

of the gas in atmospheres. When dealing with gas mixtures, it is convenient

to define an effective equilibrium constant K', such that

K' - KP(a + b + ... -c - d -.... ) (A-5)
-'•c d

- DX (A-6)

l~iii X B ...

it being understood that solid phases and their coefficients are omitted.

Given a specified mixture of various chemical species at a specified

temperature and preasure, we can find whether a given hypothetical reaction
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may occur by calculating K' from equation A-5 and comparing it with a number

"K' computed by using the actual (specified) concentrations in the expression

for K'. If K'>K%, the reaction will proceed (unless kinetically inhibited).

until K' K.

Computations of this type suffer from several uncertainties. First,

we usuallv have to extrapolate AF 1i to temperatures above those at which

the oripinal measurements were made. See Table I. Second, the use of PXi

for thermodynamic activity assumes ideal %as behavior. Third, omission of

solid species from the equilibrium ccnstant expression is valid only if the

solid phase has a fixed composition and zero compressibility. Fourth, we

cannot always be sure that some stable reaction product whose presence is

overlooked or unsuspected will not intervene. Fifth, the reaction may be

kinetically inhibited even though the free energy considerations are

favorable.
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THERMAL THEORY FOR EROSION OF GUNS BY PROPELLANT GASES

Ernest L. Bannister
Interior Ballistics Laboratory
Ballistic Research Laboratories

ABSTRACT

A paper is presented -reviewing some of the erosion studies that were
conducted by the Ballistic Research Laboratories during the period 1945-
1951. Only thermal theory is discussed, with the primary emphasis being
placed on the development of equations describing the erosion in guns.
The equations were used to calculate the wear per round for a number of
Army and Navy guns for which erosion data were available. The calculated
values are compared with the observed values.

LIST OF SYMBOLS

Cp specific heat of gun bprrel material, cal/gm/ 0 C

t I beginning of erosion interval, sec

t 2 end of erosion interval, sec

A erosion function

B amount of heat necessary to melt one cubic centimeter of gun barrel
material, cal

C actual propellant charge, lbsa

C s service propellant charge, lbs

H(t) instantaneous rate of heat input to hot spots, cal/cm2

Kl constant

L heat of fusion of gun barrel material, cal/gm

Na number of rounds fired with charge Ca

N number of equivalent rounds

Q calculated total heat input p(r square centimeter per round, cal

Qs total heat input per square centimeter per service round, cal

T average propellant gas temperature, 0C
g
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Tm melting temperature of gun barrel material, *C

T initial temperature of gun barrel material, *C

V mean flow velocity of propellant gas over surface, cm/sec

V(t) instantaneous average speed of surface regression, in/sec

W average recession of sorface, in.

W observed wear per round, in.0

6 density of gun barrel material, gm/cc

Introduction

This paper is a partial review of erosion studies performed by the

Ballistic Research Laboratories (BRL) from 1945 to 1951. Early work was,

in general a study of the erosion of vent plugs or nozzles such as those

used in rockets and recoilless guns. Later the work was expanded to in-

clude relatively high performance guns with muzzle velocities up to 3000

feet per second (fps).

The BRL Erosion Program was designed to gain the best possible under.-

standing of the weapon erosion phenomena and to develop a theory for de-

scribing it. I shall discuss some of the results of the program.

Discussion

There are two general mechanisms that cause erosion of guns by pro-

pellant gases. They are chemical and thermal. With high performance guns,

thermal erosion appears to be the prime source of trouble. BRL has not

considered chemical erosion in any of its work; therefore only a Thermal

AI
Theory for Erosion of Guns by Propellant Gases will be presented as

developed by Jones and Brietbart of BRL.

3*1-1
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The belief has been generally accepted that the erosion in guns near

th rgin of rifling is primarily caused by the rmvlo aeilb

the wa!;hinig action of the hot propellant gases. This is the most impor-

tant area of' -onsiderat ion. It is supposed that the material is first

converted to a plastic or molten state by heating before it is possible

for the gas stream to remove it. Indications that the erosion is related

to the heating of the bore is shown in Figure 1 where the observed wear

per round, Wo, is; plotted vs the calculated total heat input per centimeter

Squtared per round, Q. The values of Q were calculated by the method of

Nordheim, Soodak-, and Nordheim 1presented in NDRC Report A-262. The

observed wear, W .is the iniitial rate of wear on the radius in a new gun,

that is, one half the i~nitial slope of the curve obtained by plotting the

land diameter against the numbcr of equivalent service rounds fired. For

any Army~ gun, the number of equivalent zervice rounds was taken as the total

propellan~t charge fired in the guin divided by the charge required to produce

the normal service velocity. For Navy guns, the formula used was

C
N Z 7:-

where

N nimiler of equilvalent rounds

C ervic.(e charge

C actual charge

N number. -f rounds fired with charge C_..

hecause thc valtu~n, for Q are comruted theoretically and the values of the

parameters enteringý the compt-tation are somewhat uncertain, possible large

1. Norheim. oodak, and Nordhcim, 2r. Cit.
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Figure 1. Observed Radial Wear per Round vs Calculated Heat Input
per square centimeter per round
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errors may exist in Q where Qs is defined as the total hacat input per

square centimeter per service round.

The values of W for different guns cannot be determined with high0

precision from the available data. Data were generally recorded during

firing of the guns for purposes other than erosion measurements so that

the firing schedules on different tubes tend to vary greatly. Also, the

data on some guns arc more extensive than on others. The result is that

the values of W0 , derived from the data for different guns, do not have

the same statistical reliability. For the Army guns W° was derived for

only a few tubes in which data were carefully obtained and taken specif-

ically to determine the erosion characteristics. Wear data for these

tubes were measured along the vertical land diameter. For the Navy guns,

W was an average value derived for several tubes in which the measure-

ments were more extensive and the test conditions were more carefully

controlled. The wear for the Navy guns was measured on the radius. Data

taken on a single tube are shown in Figure 2. Figure 3 shows the type of

data available for most of the Navy guns. For the above reasons, it is

difficult to make an exact assessment of the significance of the plot in

Figure l, but at least it suggests that the chief cause of erosion near

the origin of rifling is heating.

The problem of gas erosion in vents, based on the assumption that

material is removed in the molten state by the frictional stress on the

2
surface, has been treated by Nordheim, Soodak, Nordheim, and Landau

2. Landau, Quar. Appl. Math. 7 81 (1950).
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In these papers it is assumed that the surface can be represented

by a sharply defined mathematical surface over which the temperature has

a constant value at each instant. When the temperature of the surface

reaches the melting point of the material the surface starts to regress

uniformly, and for a uniform rate of heat input a steady state regime is

established. After a predictable interval, when the temperature distri-

bution ahead of the regressing surface is constant, the surface regresses

with a constant velocity.

Attempts to fit the observed data from vent firings to the equations

derived from this approach have not been successful. The principal diffi-

culty arises from the fact that the derived rates of heat input from the

erosion data are of such magnitude that the calculated time for the surface

to reach the melting point is much longeýr than the time required for the

efflux of the gases. A similar difficulty arises in the case of the melt-

ing theory of erosion in guns. The calculated maximum bore surface

temperatures reached during the firing of the round are below the melting

point of steel in most cases. A somewhat different approach is necessary

based on a more realistic description of the phenomenon.

The surface is heat-checked and quite irregular. Indeed, from a

molecular point of view even a ground and lappdd surface would appear quite

rough. The gas moving along the surface flows around projections and

through cracks striking some parts of the surface at higher angles of

incidence than others. Therefore the rate of heat input must be highly

variable from point-to-point on the surface. Furthermore, because of the

erosion, the contour of the surface is changing continuously and with

extreme rapidity. It appears highly improbable that anything like a surface

temperature exists except as a theoretical value. There will be "hot spots",
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caIused bv the frictic'al force of the hot turbulent propellant gases

striking small irregular metal protrusions distributed randomly over the

hore surface which will erode if the local surface temperature is at the

melting point. These "hot spots" will shift about on the surface in an

irregular and quite unpredictable manner, and because of the high rate of

heat input, "hot spots" at the melting point may exist even when the

calculated average surface temperature is much below the melting point.

There is no possibility of separating the erosion on melting from the over-

all heating or di.Viding the time of the event into two intervals - a warm

up interval and a melting interval. The two phenomena go on together.

Actually, if one computes the thickness of material that could be melted

off the bore surface by the values of Q used in Figure 1 and compares

these thicknesses with the observed values of We, one finds that the

thicknesses calculated are from about 6 to 00 times as large as the

observed values. The amount of heat entering into the erosion is evident-

ly a relatively small part of the total heat input. It would appear that

erosion near the origin of rifling must be considered as a secondary sur-

face phenomenon which accompanies the heating of the barrel by the propellant

gases.

If this theory is correct, the equations of Landau and others would be

applicable only to the limiting case when the temperature of the whole surface

is at the melting point. This condition does not seem to be reached in guns

in general, and is reached in vents only under extreme conditions. What is

required is the specification of an erosion function which relates the

erosion to the interior ballistics and effectively determines what fraction

of the heat input is responsible for the erosion in different cases. In the
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following, an attempt is made to describe the erosion function. It is

based on the assumption that the foregoing discussion of the probable

nature of the phenomenon is correct, together with a number of plausible

assumptions that lead to equations which yield results in good agreement

with the observations.

The following situation exists. A turbulent stream of hot gas moves

over the surface of the bore heating it and acting upon the surface as

Sdescribed previously. During a certain interval the surface will be eroded

by melting at "hot spots." The instantaneous rate at which material is

being removed may be averaged over the surface and will define an instantane-

ous average speed of surface regression V(t). The surface will recede on the

average the amount W for each round fired. The value W is described by

Equation (1).

W V(t)dt (1)

where t 1 and t 2 specify the beginning and end of the erosion interval.

The value H(t) is the instantaneous rate of heat input to the "hot

spots" per square centimeter

H(t) a V(t)B (2)

where B is the amount of heat necessary to melt a cubic centimeter of the

- bore material. B is given by

B 6[c(T - TO) + L] (3)

0 where 8 is the density, c the specific heat, and L the heat of fusion of
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the bore material. TMmiad To are the melting and initial temperatures

of the bore respectively. For a typical gun steel (4140) values of

6 =7.8gm/c, =0.13 cal/gm/*C, and L =60 cal/gm, with Tm T

J 14000 C, B =1.9 x 10 3cal/cc.

It is assumed that H(t) is proportional to the difference betw4een

the average gas temperature, T., and the melting temperature',of the bore

miaterial, Tm and depends upon the specific heat at constant pressure, C;
m p

the density-of thi,,,gas, 6 ; rdupon the me"i flow velocity, V, in the gas,
g

stream according to the relation.

H (t) AC 6 V(Tg -T) (4)

"All is the 'erosion function mentioned above. It is assumRed that C.

ýcan be treated as a constant with 6gV, and T being time dependen~t

Variables that can be calculated with fair precis'ion by the standard-methods

of interior ballistics.

By substituting Equations (2) and (4) in Equation (1)Ithe resulting

equation becomes

AC ( 2  AC f
Wa-E J 6  V(Tg -T,) dt *-'.J F(t)dt (S)

ft t

-Theme reL-two- quantities in this equaation that aust be determined, the4

time interval, t 2 - t,, during which erosion takes place and the function A.j

To determine t I and t 2 the following procedure has been followed;

theoretical values of F(t) a"e plotted, as shown in Pl~ve 4 for the S-4nch
gun. It is then assumed that it P isbelow the value r"quird to form "hot
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spots" on the surface, no appreciable erosion will take place. The minimum

value for a gun such as a low-velocity Howitzer for which the erosion is

negligible, is 200 x 10 cgs units. A horizontal line drawn at this level

intersects the F(t) curve at two points for all guns having the same values t

of F. It is assumed that these two points define t and t 2 and hence the

interval during which erosion occurs.

The quantity A is probably not strictly independent of the time but it

is assumed that a time average value can be determined which can be used

for any particular case. "A" contains a part which takes account of the

fact that not all of the area is eroding at once-but only the "hot spots."

This part can be separated, but it is not quite clear how. Schemes other

than the one presented may yield the same results. It appears plausible

that the fraction of the eroding surface should be dependent on two factors.

The first is the magnitude of the rate of heat input. If this rate is high,

the occurrence and speed of the "hot spots" will be increased and A should

depend directly on it. The second is the timing of the process. If the

rate of heat input is high and reaches a high maximum value in a relatively

short time, there will be a larger variation in temperature from point-to-

point on the bore surface and in the fraction of the area at the melting

point, hence erosion will be increased. In addition, the temperatuxv

gradient beneath the surface will be higher and the eroding areas will not

spread so rapidly on the surface or be as well maintained as the molten

material is removed. "A" should therefore depend inversely on the initial

slope of the heat input curve.

301-12
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The F(t) curve must be similar to the averatge heat input curve so4

that the same arguments hold, at least to a good approximation when the

function F(t) is used in place of the overall heet input-time curve. It

has therefore been assumed that the effects described pievicuisly may be

considered by setting A pzluportional to F, which is the maximum value

of F and is inversely ?roport~ional to F' which is the average slope of,
0

the P(t) curve up to the time t Th erefbre
F

A K~ (6).

where K., is a. constant.. Since r, is inversely proportional to t1,

Equation (6) can be rearranged to

A =Kt F (7)
1 nit

where K is ;also constant. With this value for A introduced, Equation (5)

become.,

t

W B P imtFtd 8

ti

To test the validity of this equatior', datza on wear were gathered from

18 Ar~my and 11 Navy guns and values of W were determined'as described
4 0

earlier. Values of the incroase in radius per-rcund fired were calculated

using Equation (8) and graphs similar to those presented in Figure 4

resulted. These graphs were prepared from theoretical calculations using the

methecd of Nordhcim, Soodak, and Nordheim.

The quantity K must be determine~d excperimentally. This was, done for

each gun~ and the rasults are preseinted in Table 1. Examination of the data,

shows that there are four guns for ~which the values of K depart widely from



the average value. These are the 57mm, Ml (firing HF rounds); the 90mm,

T4E4W2- and the 155mm, M2 Army guns and the 3in./50 Navy gun. Of these

the T54E2 has rifling of unconventional design, and the 155M2 has a much

more gradual rise to full height of the lands than usual. Some of the

Navy guns are chrome plated and the initial rate of wear is small until

the thin chrome layer begins to strip off, then the rate of wear rises

sharply. Values of W have been obtained for these guns from the slope of
0

the wear curve in this latter region with questionable precision. This

could account for the low value of K for the 3in./50. Also for this gun

the data are very badly scattered and the value of W could vary considerably

from that chosen. If the drastic departures can be explained in this way,

it a-pears that K will be nearly constant for a homologous family of guns.

Results

The average value of K for all guns considered is 3.28 x 108, and if

the four "erratic ones" are omitted it is 3.26 X 10 -. The average devia-

tion from the mean in Condition I is 21 percent and in Condition II, 14

percent. The average value has baen used to calculate W for the different

guns. The results are listed in Tab)e I and plotted in Figure 5 against

the observed values of W . It can be seen that the points fall, in general,

near the 45' line.

If one examines the equations for w(6), it becomes evident that W and

the individual empirically determined values of K will be very sensitive

to the values ef 6V and (T - T m) since they enter the equation approximately

to the second power. It is probable that T is less well known than theg

ocher quantities. For an M! propeilant, T is approximately 2400"K and

(T Tm) about 700"K. An error of one percent in T is equivalent to
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3.5 percent in (T - Tm) which could produce an error in W, of over 10

better than + 50C or about 7 percent. This alone is latrg enough to

account for most of the variations in W and in the individual values of

K. A study of Table I reveals that a wide range of calibezs, peak pres-

sures, muzzle velocitiez and propellant can, be covered with a single,

value of K.

Conclusion

How K will change from one type of gun to another is, unknown. It

is dependent upon the bO:e material, but this dependence will be important

only for guns with liners of materials other than steel.. The worst cases

in Table I indicate thatiK is quite sensitive to the design of the ,forcing

cone, originw)of the lands, type of rifling, and the design and material of A

the projectile xotating band. The present thieory is entirely thermal and

the dependence of K on different gun designs is believed to be due mainly

to differences in preheating of thelbore surface by passage of the pro-

jectiie. If this is so, it should be possible to develop a new function

of the initial bore temperature in Equation (7) so that a new and more

universal K could be obtained. Since preheating effects are almost com-

pletely unknown, the numerical value of the new function would be rather

difficult to determine and showing it explicity in Equation (8) would be

of no practical value.

An understanding of the dependence of K on the bore surface tempera-

tures is unimportant if the theory is to be applicRble to guns fired

rapidly. K will probably increase rapidly as the gun heats up. In this
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connection some data on vents is interesting. The wear per round as a

function of initial vent temperature is shown in Figure 6. This figure

shows that the relationship between the wear per round and initial vent

temperature is reasonably well represented by a straight line, and that

the rate of wear approximately doubles for an increase in vent temperature

of about 6000 C.

Lquation (8) relates the wear to the interior hallistics of the g.n.

The caliber does not enter specifically but affects the results only inso-

far as it determines the course of the plot in Figure 4. The theory, as

developed, leads to the conclusion that two guns of similar design would

have equal values of K and the same radial wear per round, regardless of

bore diameter.
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GUN BARREL EROSION

IN SMALL CALIBER WEAPONS

R. P. O'Shea
T. Watmough

ITT Research Institute
Chicago, Illinois 60616

ABSTRACT

t.-osion of barrel materials is a factor which is posing limi-

Latrioes on the design, development, and rate of fire of high per-

Lor'mance rapid-fire weapons. This problem essentially revolves

around the lack of specific thermal properties which are obtain-

alle ifl *he major:ity of current gun barrel materials. Melting

poinl, thermal diffusivity, specific heat, high-temperature

'•t:cngth, and resistance to thermal cracking are properties wh:o

mi_-sz he _)pu:im-zed for the anticipated application. IIT Research

s.tT, .under contract with the U.S. Air Force is conducting

a :,'rn rarn t• zharacterize the nature of the problem and to eval-

14at, a acries oC refractory metals to standard gun steels.

A VQPL -d bomb fixture, developed at IITRI, has been uti'lized

as ,L,: orim•e test apparatus. This simulates the thermal environ-

iert a r. i --. sure-time pulse encountered in the bore of a high

performance !gun. Materials which have been evaluated in this fix-

ture have been examined for changes in weight, dimension, mIetal-

lographli.c ;tructure, hardness, and surface condition.
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INTRODUCTION

Ballistic erosion of gun barrels has been a problem in ord-

nance for many years. The problem has become acute more recently

with the development of rapid-firing guns and the demand for

K, :higher projectile velocity. These objectives require higher

propellant-to-projectile ratios, resulting in the necessity for

higher performance barrel materials than are obtained by current

gun steels. Gun erosion not only limits the length of burst in

current rapid-fire weapons, but has also inhibited the development

of new weapon systems.

The major factors controlling the performance life of a mate-

rial for a rapid-fire gun barrel are:

1. Thermal resistance--material interaction
with a high temperature, high velocity,
chemically reactive gas stream.

2. Thermal fatigue resistance--cracking
phenomenon associated with repeated
temperature cycling in a reactive en-
vironment.

3. Corrosion fatigue resistance--crack
initiation and propagation produced
by stress cycling in a reactive en-
vironment.

Additionally, thermal-mechanical factors which arise from inter-

action of the rot&ting band of the projectile with the gun barrel

may also be of importance. The present consensus, however, is

that these phenomena are of secondary importance for most mate-

rials.
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The materials problem can therefore be stated as that of

developing a material which has sufficient high-temperature

strength and corrosion resistance properties to withstand the

extremely severe environment which exists in or near the breech

area of weapons.

EXPERIMENTAL WORK

The present study was undertaken to evaluate the erosion

resistance of certain metallic materials in a high-performance

gun barrel environment. The vented bomb experimental technique

was utilized to evaluate the erosion resistance of the candidate,.

materials. The IITRI vented bomb is schematically shown in Fig-

ure i; it consists of a breech modified to accept a shortened

20mm cartridge case, a lead-in section which narrows the bore to

0.308 in., a 2 in. test section, and a burst diaphrLgm, I'
For this study M2 propellant was specified. A maxim= of

52',500 + 3,000 psi pressure was to be achieved in a rise time

of about 1 millisecond. It was estimated that about 28 to 30 g

of propellant would be required to produce severe erosion 1in

AISI 4140 steel in one shot. A computer 4nalysia with the above

input data indicated that M2 propellant with a webbing of 0.030 in.

would be required.

Proof testing with AISI 4140 steel inserts revealed that a

peak pressure of 52,500 + 3,000 psi in a rise time of 1.5 milli-

seconds could be consistently achieved. A typical pressure-time

pulse is shown in Figure 2. In this figure, there are two traces:
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one is the unfiltered pressure-time signal, and the other is the

signal after passing through a filter. Three shots at 50,000 psi

produce a weight loss of 0.948 g for AISI 4140 steel.

The experimental plan was to evaluate candidate materials af-

ter 1 and 3 shots. Table I lists the candidate materials and some

of their relevant physical properties. The evaluation consisted

of a determination of weight loss, boroscope measurements along

the length of the test specimen, detailed metallographic analysis,

and examination of bore surface under the scanning electron micro-

scope (SEM).

EXPERIMENTAL RESULTS

It should be stressed that the program is still underway; how-

ever, the results of the single-shot tests can be reported. Table

II summarizes the weight loss and peak pressure data for the single-

shot firings. Table III sunmmarizes the boroscope measurements as-

sociated with these specimens. Examination of these data indicate

that the relative weight loss experienced is relatively constant

within any one family of materials--e.g., comparing molybdenum al-

loys which exhibit minimal weight change to the group of columbium

alloys. Some of the materials (hafnium alloys, zirconium, and

titanium alloys) experienced large weight losses, and in these in-

stances the peak pressures were significantly increased over the

basic 52,500 psi. The boroscope measurement generally reflects

the trend shown for the weight loss data.

The photomicrographs of transverse sections of selected mate-

rials, after firing 1 shot, are shown in Figures 3 through 12.

Evidence of surface reactions can clearly be observed in Figures 10,
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TABLE II

WEIGHT LOSS AND PEAK PRESSURE DATA FOR EROSION SPECIMENS

'Initial wt, Final wt, Wt Loss, Pressure,

Material grams grams grams ksi

Tungsten 221.1004 221.0934 0.0070 52.5

Tantalum Alloys

Tantalum 192.4388 192.2474 0.1914 52.5

Ta-,10W 195.5627 195.4866 0.0761 52.5
T-222 193.6252 193.5350 0.0902 52.5

Molybdenum Alloys

Molybdenum 117.4457 117.4470 -0.0013 52.5
Mo-I/2%Ti 117.3675 117.3724 -0.0049 52.5
TZM 117.4170 117.4155 0.0015 -

Columbium Alloys

Columbium 97.6269 97.3432 0.2837 52.5
Cb-752 104.3738 104.1288 0.2450 52.5
C-129Y 109.0647 108.8656 0.1991 52.5

Hafnium Alloys

Hf-50Ta 96.1781 90.4709 5.7072 58

Hf-20Ta-3W 159.7351 147.6817 12.0534 67

Zirconium 75.2558 58.1962 17.0546 70

Ti 8-1-1 50.4943 41.5543 8.9400 60
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Neg. No. 37672 500X

Figare 4. Transverse Section Showing the Bore Suriace of the Tantalum
Insert.

Etchant: 30 al "'2SO49 30 ml HF, 30 m! H2 0, 2 drops H202.
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Neg No 767.O

Figure 6. Transverse Section Sbovi±Zg the Bore Surface of the Mo Insert.

Etehant: 10 w/o NaOH, 10 w/o L3FO(CN)6, 80 w/o 1120.
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Neg. No. 37661 500X

F-igre 8, Transverse Se&ction Sha•ing thO Bore Surface of the TZM Insert.
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log. No. 37665 50oX

Fig•ur 9. Traumere Section Showing the Bore Sarfaee of the Cb-752
Inert.

K.chant: 10 l Erg, 10 al HIO3, 30 al gI~cerin.

3.2-15



7 
-- -Ail

Ile
At /I v,4 -2

Ne- No 376 
5O

Figuro 10. T ransverse S~ction Showing the Bore SL~rface of the Hf-,5OTa
Lhsert.

Etchant: 30 ml H ~2 .90,4 30 al HF, 30 *1 H 20# 2 drops H202 -



Neg. No. 3766o 5001

Figure 11. Transverse Section Showing the Bore Sirface, of the Zirconium
Insert*
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11, and 12 for Hf-Ta, zirconium, and titanium alloys, respectively.

Figure 4, the commercially pure tantalum alloy shows a most un-

usual surface behavior where the large grains appear to be frag-

menting at the bore surface. In the tungsten insert and the Ta-

1OW insert deep cracks were detected by the standard metallographic

examination.

The scanning electron micrographs of bore surfaces further

revealed that cracking had occurred in many of the materials. Fig-

ure 13, commercially pure tungsten, shows a longitudinal surface

crack of considerable magnitude at the inlet end of the insert.

Figures 14 through 16 show that cracking occurred in all the

Stantalum-base alloys which were examined. Figure 17, columbium-

base alloy Cb-752, shows that cracking can be induced in this al-

loy from, a single shot.

DISCU$S ,
Material Reactivity

Tungsten, the tantalum alloys, the molybdenum alloys, and the

columbium alloys'behaved in a similar manner in the vented bomb en-

vironment. For these materials the peak pressure remained at

52.5 + 3 kpsi. The hafnium alloys, zirconium, and the 8A1-lV-lMo

titanium alloy underwent a gas-metal reaction in the test environ-

ment. This is apparent because of the excessive weight losses and

the increases in peak pressure. Examination of thermodynamic data

"on the oxidation of these materials indicates that they would be

highly reactive in a typical high-temperature propellant gas en-

vironment.
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Effect of Thermal Properties

The melting points, specific heats, thermal conductivities,

and heat of fusion for the matertals test fired are listed in

Table I.

Excluding the highly reactive materials, there does not ap-

pear to be an exclusive dependence of erosion on the melting point

of the bore material. This observation is based on the outbtand-

ing performance of the molybdenum alloys which have a melting point

of 4730°F vs. 5500°F for the tantalum alloys, 6200OF for tungsten,

and 4400 0 F for the columbium alloys. It should be emphasized that

this observation is based on a restricted spectrum of materials

and their performance in only an M2 environment. Within this realm,

it appears that for erosion resistance against a specific propel-

lant, a combination of physical and chemical properties is required.

Examination of the combined thermal properties of the Cb al-

loys, the Mo alloys, the Ta alloys, and tungsten provides a ra-

tionale for the relative material performance in a one-shot environ-

ment. In the tests, the flame temper&ture of the M2 propellant

(...5850OF) exceeds the melting point of all the materials except

tungsten. In considering the probabilityr or degree of incipient

melting, the specific heat, thermal conductivity, and heat of

fusion of the material are of importance. For the Cb alloys, the

heat available from the gas could readily cause melting. Opposing

the melting is the relatively high specific heat, high melting

point, and high heat of fusion but the relatively low thermal con-

ductivity of Cb would tend to promote local melting. An additional
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factor which should be considered is the reactivity potential of

Cb in the hot gas environment to form an oxide. If Cb2 0 5 is

formed on the bore, the melting point of this surface would drop

to about 2700'F, and the probability of melting would be increased.

The tantalum alloys have a high melting point but low spe-

cific heat, thermal conductivity, and heat of fusion. The flarae

temperature exceeds that of the Ta by about 400*F so that, in

spite of the other poor thermal properties, only limited melting

could occur. The reactivity of Ta in the burning propellant en-

vironment is expected to be less than Cb and more than Mo and W.

If Ta 2 0 5 is formed, it would be a relatively minute quantity; and

since its melting point is about 3950'F, melting resistance would

be higher than Cb 2 0 5 .

The molybdenum alloys have high melting points, high thermal

conductivity, high specific heat, high heat of fusion, and low re-

activity potential in a propellant gas environment. Because of

these factors, this class of materials has excellent erosion re-

sistance to the propellant considered.

Tungsten had the highest melting point of the alloys evaluated.

With the M2 environment, the tungsten bore surface would not m.At.

Since the reactivity of tungsten in this type of environment

would be low, it would encounter no thermal deficiencies and

would perform quite well in the vented bomb.

Crack ing

Tungsten, col umbium iAlloy Cb 752, and all of the tantalum al-

Iovs exhibited longitudinal cracks on the bore surface after one
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ahot in the vented bomb. Tbts behavior could be particularly dan-

Serous sinceagunbarrel of one of zhese materials could fail catal,

pttophically in a service test. Considering the fair ductility

in tensile tests, particularly of the Te-lOW alloy, cracking in

one shot was not the result anticipated. Obviously, the rate of6

application of both mechanical and thermal stresses in this pro-

gram was far greater than heretofore considered. The existing

experimental data indicate that the ductility of most alloys de-

creases with an increasing rate of loading. The data of this pro-

gram show that the ductility decreases with increasing loading

rate. Consequently, the strain-rate sensitivity of the material

is of more importance than low strain-rate ductility.

At this time, the exact mechanism of cracking in these nmte-

rials is not clear. In any case, cracking should have occurred

under conditions which generated a tensile stress at the bore sur-

face. This condition could prevail as a result of either (1) mack-

anical stress induced by pressurization, or (2) a thermal streas

generated by the temperature excursion.

During the cooling cycle, the bore surface stress will become

tensile, if, at any time, the surface region cools to a temperature

below that of the underlying material. This is possible on test

inserts because of the very short heat-pulse followed by dissipation

of the energy by conduction during cooling. The depth of crack

propagation on the first cooling cycle is dependent on the magni-

tude of the transient thermal stress. Cracking will progress as

long as the thermal stress in the insert exceeds the critical
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fracture stress at the base of the crack. Once a longitudinal

crack is generated, rapid propagation by the stresses on subse-

quent firings can proceed. The depth of crack propagation per

cycle is then controlled by the critical fracture stress (frac-

ture toughness) of the material.

It should be emphasized that the results reported are pre-

liminary and work is continuing.
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3.2 DISCUSSION:

William T. Ebihara: In evaluatinq the results of the weinht lois

data for W-, Ta- and Me alloys, could the formation

• of the volative oxides account for the unexoected

results for the Mo alloys?

R. P. O'Sea: W- and MO oxides would sublime. Conseauently, a

weight decrease would occur. Since W- and Mo are

only slightlv more reactivP than Fe, it would he

exnected that only slicht oxidation would occur.

For Ta, Ta2O5 prebably formed and this accounts

for the relatively noor performance.

Thomas OKeefe: Were any X-ray analyses of the chemical reaction

layers on the surfaces made?

R. P. O'Shea: At this time no X-ray work has been oerformed.

Henver, based on thermodynamics oxidation of Hf,

Tag Cb, Zr, Ti would he exnected.
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A NEW TECHNIQUE FOR RETARDING EROSION OF

GUN BARRELS BY PLATING THE BORES WITH TUNGSTEN

Karl H. Meyer
John W. Gehring

General Motors Corporation, AC Electronics - Defense Research Laboratories
Santa Barbara, California

and
Ralph Blair

U. S. Air Force Armament Laboratory
Eglin Air Force Base, Florida

ABSTRACT

Sponsored by the Air Force Armaments Laboratory,
Eglin Air Force Base, Florida, General Motors' AC
Electronics - Defense Research Laboratories developed
a process of tungsten coating the bores of gun barrels.
The pure tungsten coating is deposited with a firm met-
allurgical bond in a predetermined and uniform thickness.
This coating retards the erosion rate of the bore of a gun
barrel, extending the usable life of the barrel.

The process involves the vapor deposition of tungsten in
the bore of oversized gun barrel blanks made of various
al loy steels. The bore is initially 0. 004" oversized and,
after deposition of a 0. 002" thickness of tungsten, the
barrel has a resulting I. D. of 0. 220". By proper surface
preparation methods and deposition parameters (such as
deposition temperature, flow rates and flow ratios of
tungsten hexafluoride and hydrogen) and other factors, a
firm bond between the tungsten plating and the substrate
is obtained. Tu.ngsten plated barrels and standard un-
plated barrels in caliber . 220 have been test fired using
.220 Super Swift ammunition under identical high-rate-cf-
fire conditions. Substantial reduction in the erosion rate

4 •was obtained in the tungsten plated barrels when compared
to the unplated barrels.

The paper describes the tungsten plating process, the
high-rate-of-fire test conditions, and gives detailed
test results.
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influence of interstitial elements such as hydrogen, nitrogen and carbon and

their oxides in the form of molecules, atoms and ions in various states of

ionization and with a high chemical reactivity. To withstand these environ-

mental conditions for a substantial length of time the following requirements

are given for an erosion resistant material:

* High melting point

* High strength (impact, yield, tensile and compression) at elevated
temperature

* High specific heat

* High thermal conductivity

* Thermal expansion comparable to that of substrate material

• Low compressibility

* No hydrogen embrittlement.

In examining the physical and mechanical properties of available materials,

the selection points towards the superalloys and refractory metals and shows

that the element tungsten comes closest to the ideal material. Tungsten can-

not be deposited electroytically with any quality, but can be applied using a

chemical vapor deposition process. The properties of tungsten are as fol-

lows. (Most properties are given for commercially pure tungsten, since the

information is not available for vapor phase plated tungsten yet.)

1. Tungsten has the highest melting point of all known metallic
elements. MP = 61700 F (34100 C)

2. Tungsten retains a substantial amount of strength above 20000 F.
Ultimate tensile strength of commercial tungsten at 2400OF is
45,000 psi.
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BACKGRO UND

The objective of the program was to find a material or method which reduces

the erosion of small-ciliber gun barrel bores and increases the operational

life of guns before the acceptable limit is exceeded.

To ireduce the erosion rate of a gun barrel bore several approaches can be

taken. One is to use i1 more erosion-resistant material for the entire gun

barrel. The second is to use that material as an insert or co-extruded linpr

within the gun barrel. The third is to plate a thin coating of an erosion-

resistant material on the bore surface of a gun barrel made from a convention-

al barrel material such as 4150 steel. For the purpose of the investigation

the third approach was chosen and a survey of potential materials for plating

of a convent'onal gun steel bore was carried out.

MATERIALS PROPERTIES SURVEY

For a proper selection of gun barrel material, it was first necessary to deter-

mine the requirements and define the environmental conditions to which the

gun barrel bore is exposed during firing of a round of ammunition and especial-

ly during high rate firing in a machine gun. The combustion of the prevalent

gun propellant, nitro-cellulose, takes place according to the equation:

2 C6 Hs(OH) 2(N0 3 )3 = 4 CO2 + 8 CO + 6H 20 + H2 + 3N2  (1)

resujting in products of a chemically reducing nature. The environmental

conditio,,, for the gun barrel bore during propellant combustion consist of

short time, cycling high pressures and temperatures and the corrosive
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3. Pure tungsten has the lowest thermal expansion coefficient of all
metals, (range 2.2 - 6.3 x 10-6 in. /in./ /F), depending on mechani-
cal and thermal history.

4. The fact which makes this metal especially attractive is that strength,
hardness and toughness and probably also other properties of vapor
deposited tungsten can be varied over a wide range depending on de-

J'. position parameters such as temperature and WF /H 2 flowrates and
ratios. Hardness range of VPP tungsten: RC40 - 60 (DPH 393-695).

5. Tungsten has one of the highest thermal coalductivities (range 31. 5 -

96.9 BTU/hr/ft 2 /°F/ft).

6. Tungsten has the lowest compressibility of any known metal (0.28
x 10" 6 /megabar). This means a smaller temperature increase after
release of compression stresses and therefore a lower bore surface
temperature.

7. A computer study described in the next paragraph shows that a thin
tungsten coating in a gun barrel bore will considerably reduce the
bore surface temperature.

A comparison of the mechanical and physical properties of tungsten and 4150

gun steel is listed in Table I. The mechanical and physical properties of

tungsten listed in the literature vary considerably depending on the type of

manufacture (pressed and sintered powder, arc cast, etc.) or thermal history.

As a result of the evaluation of the properties of materials, a combination of a

standard gun steel plated with tungsten appears to be a practical and efficient

method to reduce erosion in a gun barrel insert, provided that it is possible

to establish a strong me tallurgical bond between the steel and the tungsten.

HEAT TRANSFER COMPUTER STUDY OF THIN TUNGSTEN PLATINGS

Symbols

V Temperature

K Thermal conductivity
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Table I

MATERIALS PROPERTIES

Tungsten ** Gun Steel***
Comm. Pure. 4150

Density g/cm (lb/in. 3 ) 19.3 (0.70) --7.6 (.28)

Impact Str. (Charpy) kg-m (ft-lb) 1.4 (10)

Tens. Yield Str. kg/cm2 (ksi) 15500 (220) 8930 (127)

UTS kg/cm2 (kal) 15500 (220) 9910 (141)

Elongation (%) 0-95 19

Red. of Area (1) 0-46 56

Molting Point (°C) 3410 -1510

Melting Point (OF) 6170 - 2750

Spec. Heat C (cal/g/°C) 0.033 0.10-0.11
p

Spec. Heat (BTU/lb/ 0 F 0.033 0.10--0.11

Therm. Cond. (cal/cm2 /cm/OC/sec) - 0.40 - 0.1

Therm Cond. (BTU/hr/ft2 /°F/ft) -31.5, 96.9 -8

Coeff. of Thermal Exp. (Cx10" 6 ) - 4.5 11

Coeff. of Thermal Exp. (°Fxl0 6 ) 6 2.5 6

Hardness RC (DPH) Plating 40-60 30 (30!)
(393.695)

Coeff. of Friction jas (14k) 0.58

Hemispherical Total AbsorptAnce a RT 0. 022, RT -0.W0
18000 C 0.27

Atom Diameter (A) 282 2.52

Crystal Structure BCC, Cub. Diam. BCC,

Ductile-Brittle Trans (VPP) 130-'70 540-815
(265-510) (1000-1500

Recrystallization Temp. 0C (0 F) > 1260 > 840
(I230(V) (>1550)

Cost (3/lb) 2.00-40.00 0.50

Heat of Form. of Oxide (kcal/n~ol) W02 130. 3 198.5So om.(3 ln~.W~ Fe203

Velocity of Sound (103 ft/sec) 14.0 16.7' j
Against same material (steel against bronze 0. 12)

* Tungsten propertiea vary in literature depe.,inlg on preparstion and thermal history
* 4150 steel mechanical properties given for "as forga"" condition.
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Symbols (Cont'd)

Qs Heat input rate per unit area

C Heat capacity
P

p Material density

Ax Thin slab increment

Ax 1  Surface slab hicrement

At Small time increment

The study of heat transfer through thin tungsten platings is achieved by using

a con'puter program which solves the equation of linear flow of heat:(A)

62! - -p - 0 (2)
2 -t6x

by finite-difference methods. The material is considered as several very thin

slabs, of size A x, and very small time increments At are used in con-

junction with stability criteria. A finite. difference formulation of Equation (2)

is as follows:(B)

n+1 n+l n+1 n+1 nf

V 2 + V p0 v -V_
-+1 " i +i - =At 0 (3)

(Ax)'

- i|
-- • .'" v (, Ax A t:Temperature -_.

" - -" (A) Carslaw, H.S., and Jaeger, J.C., Conduction of Heat in Solids,
Oxford University Press, 1959.

(B) Richtmyer, R. D., Difference Methods for Initial-Value Problems,
Interscience Publishers, 1957.
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The computer program used is a general 1-dimensional heat transfer code,

and has options to solve the above Equation (2) in cylindrical coordinates,

with several materials and with arbitrary heat pulses. The program is

written in FORTRAN IV and is run on the IBM 360 computer. -,

The heat pulse used in this study is approximately equivalent in shape and

duration to those of the heat transfer study done at Cornell Aeronautical
=i Y (C)

Laboratory. The pulse used is shown in Figure 1. The integral of this

pulse is equal to twice the average heat input per unit barrel area per shot-

representative of the heat input at the breech, where maximum temperature

will occur.

The heat is transferred to the surface slab increment Ax 1 by increasing its

temperature as follows:

n+1 n+1 + & (4)
1 1 Cpl Ax

The heat then flows into the material according to Equation (3). Accuracy is

achieved by using very thin slabs (Ax = 0. 1 mil) and very small time incre-

ments.

The effect of a thin tungsten plating of the bore of a gun barrel is a reduction

of the bore surface temperature during the high heat pulse of a single shot.

(C) F. A. Vassallo, D. E. Adams, and R. D. Taylor, "Caseless Ammunition
Heat Transfer," Cornell Aeronautical Laboratory (CAL) Report No.
GI-2433-Z-1, October 1967.
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The maximum surface temperature increase at the breech for a solid-steel

barrel is 1420°R for one shot; with a 0. 002" layer of tungsten, the tempera-

ture increase is only 1020 0 R, a reduction of 4000 R. This is due to the high

thermal conductivity of tungsten - during the shot the heat is transferred

rapidly through the tungsten, thus reducing the surface temperature. Thicken-

ing the tungsten will decrease this short-duration temperature peak. As seen

in Figure 2, however, 2 msec after the shot the surface temperature is almost

the same as for solid steel. The temperature of the steel-tungsten interface

is given in Figure 3. It is seen that very little temperature gradient exists in

the tungsten after 2 msec after the shot. The tungsten plating thus broadens

and flattens out the heat pulse to the steel; maximum tcemperatures are re-

duced, but residual temperatures remain unchanged.

The maximum temperature during a sustained rate of fire (which would occur

during the last shot) would be reduced by a tungsten coating by the same

amount as in a single shot (see Figure 4). The residual temperatures shortly

after the shot would be the same, however, as the thin tungsten plating does

not increase the total thermal capacity of the gun.

THE VAPOR DEPOSITION OF TUNGSTEN

To deposit a coating of tungsten on steel the chemical vapor deposition

method was selected because of its high deposition rate and the high purity.

density and strength of the deposited tungsten film.

In this process, a mixture of tungsten hexafluoride (WFc) and hydrogen is

brought into contact with the specimen at a temperature between 600°F and

3.3-7



S30,Q000 AT BREECH - 2 Q•s 12889 Btulft 2 sec

ENERGY OF ONE SHOT - 0.928 Btu
m .22 CALIBER BORE DI AMETER

- 20,000 2
LJ 6" BARREL, TOTAL AREA = 0.0288 ft

ASSUME 206 OF ENERGY ENTERS
S1,THE BARREL..&- 10, 000

0.0 1.0 2.0 3.0
TIME (msec)

Figure 1. Heat Impulse of One Shot

2000L SOL I D STEEL
ZO0

<cl

I-

I. 2.0 3.0
TIME[ (mwec)

- Luri 2 (',iuIl,'' d ReSpO) Se ',It Sturf.-('(e
f -( ii(I ::,t, rei ' and 0. 002"' Tungsten

P1l Ii d I •,i ['t'! V )I" ())( 3111 )th

* .3-



2000

0

~1000-

0.0 1.0 2.0 3.0

TIME (msec)
Figure 3. Temperature at Steel/Tungsten Interface for One

Shot (0. 002"1 Tungsten Plated Barrel)

SO I D

3000 4000 -
200

LuJ

1000TUNG STEN
S HOTS

OAA AA A7"
0 5 10 15

TIME (msec)
Figure 4. TeImlperature at. Suirface for Several Shots. Schematic

Comparison of Solid Steel Barrel and 0. 002" T tng~sten
Plated Barrel

3. 3-q .



1300 F. Within this temperature range a reaction between WF 6 and hydro-

gen takes place according to the equation:

WF6 4+3 H2 = W+6HF (5)

The tungsten is reduced by the hydrogen from its hexavalent state to the

elementary form and deposits on the hot substrate as a metallic film of

high density. The adherence of the film is determined by the surface pre-

paration of the substrate such as degreasing, treatment with a mixture of

acids, and removal of the etching products. The deposition takes place in

the experimental apparatus shown in Figure 5. A basic schematic diagram

of the process is shown in Figure 6.

During the process it is very important to keep out traces of air, oxygen,

and water vapor. These elements react with tungsten hexafluoride in an un-

desirable side reaction forming tungsten oxide in the form of a blue film on

the substrate surface, preventing a good bond from forming, as well as

causing flaking of the tungsten plating. The equations for these side re-

actions are:

WF 6 - 3 H0 = WO + 6 HF (6)
6 2 3

2WF 6 4 302 4 6 H2 2WO 3 + 12 HF (7)

The mechanical and physical properties of the vapor deposited tungsten

should represent a compromise between high strength and high hardness

on one hand, and a large elongation (ductility) on the other, resulting in

good impact strength (toughness) and erosion resistance under the

3. 1-10



w4n

AR AIL

3.3-11



0

"$4

Ln~

I- 3 1aI i
LU k. $4

x$

°-q [-0

3.3-12



environnmental conditions existing in the gun barrel bore during firing of a

rourI. To obtain these desired properties, the depositior paramieters such

as temperature, tungster hexafluoride and hydrogen flowrates and ratios

can be varied . obtain tungsten plating, for example, in the hardness range

between R C40 and 60.

Before plating gun barrels the process was ,ipplied to small plate and tube

specimens of the same type of steel. Process_ parameters such as etching

chemicals, temperatures and tungsten hexafluoride and hydrogen flowrates

and ratios were varied. The reouiting plated specimens were sectioned and

analyzed metallographically and by micrchaidness indentations for the

quality of the bond between steel and tungsten. Some typical tungsten

platings obtained on 4140 steel are shown in Figures 7, 8, and 9. Figure

7 shows a cross section at 2 00x with microhardness indentations indicating

a hardness of R c46 for the tungsten plating and Rc25.5 for the 4140 steel.

tn Figure 8, microhardness indentations in the interface under loads of

500g, 1000g, and 2000g respectively from left to right were made to test

the adhesion of the tungsten plating to the 4140 steel substrate. Figure 9

is a photograph of the interface betweer tingstn and steel at a magnifica-

tion of 100Ox.

Figures 7 and 8 also show that the tungsten plating consists of columnar

crystals growing in a direction normal to the substrate surface. The

coiumnn:i- crystals start to grow ftom a microcrystalline do()F-it ,i the

surface. With the increasing thickness of the plating, some of the smaller
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Fjuire 9. Transverse Cross Section Showing Interface
Between Tungsten and Steel at 1000x

crystals disappear and the diameter of the larger crystals i,,,•eases. Wit.

the increasing grain size, the hardness decreases. The columnar crystals

grow in the form of pyramids on the surface as shown by an electron scan-

ning micrograph in Figure 10. The distance between the tips of the pyra-

mids and their base is approximately 0. 0002 inch. This surface roughness

is removed from the surface of the lands by honing to obtain a smooth sur-

face with minimum friction between bore and projectile.

INVESTIGATION OF THE TUNGSTEN-STEEL INTERFACE

After a good bond was obtained by variation of the deposition parameters.

an electron probe scan across a typical interface between timgsten and steel

was taken to determine the composition of the interface and the depth of the
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Figure 10. Electron Scanning Micrograph of the Surface of
Vapor Phas;e Plated Tungsten. Distance letwe~en
Tips and Bases of Pyramids Approx. 0.0002 in.
(600x)

3.*3-16



diffusion bond. Three scans were made across the interface with the de-

tectors of the instrumeiit set for three different pairs of elements using a

recording of the specimen current as a reference trace in each scan. These

pairs ot elements are: iron vs tungsten, oxygen vs iron and nitrogen vs

tungsten. The scan of iron vs tungsten (Figure 11) shows how the concen-

tration of tungsten (distance from bottom edge of chart) increases slowly. The

specimen current increases and decreases during the scan across the inter-

face with the concentration changes of iron and tungsten, and indicates a

depth of the interface of approximately 9 IA (-0. 0003 in.). In the other scans,

checks for impurities such as oxygen and nitrogen were made but none above

background concentration were found.

ACCELERATING; VOLTAGE 25 KV
-- BEAM CURRENT 0.07P' Ay

"-IRON (106 COUNTS/MIN FOR FULL SCALE)

SPECIMEN CURRENT

TUNGSTEN 13xI0s CPM FULL SCALE)

INTER•FACE 9p

Figure 11. Electron Microprobe Scan of Iron vs Tungsten
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TEST FIRING OF TUNGSTEN PLATED AND

UNPLATED BARRE1LS

Early in the pr--r41m it wxts dccided that for reasons of economy and avail-

ability, the Remington .22-caliber Super Swift gun and animunition would be

used for the firirng test. The . 22-caliber Super Swift ammunition yields

chamber pressures and muzzle velocities of approximately 50, 000 psi and

4000 fps, respectively. This ammunition, because of its high performance,

causes severe erosion of gun barrels and, hence, life test of barrels could

be conducted with a minimum number of test firings.

Since the rate of erosion is highly dependent on the temperature of the barrel,

it was necessary first to establish a firing cadence to be used during the test.

The first series of firinVgs was conducted in a single-shot mode by using either

a Universal receiver or a modified Winchester 70 action shown in Figure 12.

In the single-.shot mode of fire, maximum barrel temperatures of 130 F were

recorded by thermocouples placed on the outside surface of the chamber. The

resuli of the single-shot firings with a standard unplated barrel are shown in

Figure 13, labeled "B-Single Fire Mode."* The rate of erosion is plotted as

a function of the number of rounds fired. Also shown in this illustration are

the results of firing standard unplated barrels in an interrupted mode and in

a high rate- of-fire mode. These barrels are labeled "A" and "T and U" on

Figure 13. The high rate-of-fire tests were carried out by using a modified

M-60 machine [ýun. A standard M-60 machine gun was adapted in the receiver

to feed thc . 22-caJlo':-r Super Swift ammunition, and a .22-caliber barrel was

substifutted ior the standard 7.62mm barrel. This gun, an M-60/220 iFigure

14), w.; then cr'p:!,' of fii'iný! at approximately 600 rpm (rounds per minute).

SI' -- ,,s i', i, ,,,.LId bv letters, A, B, T, U, etc.
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12>- T AND U (AVERAGE) M-oO (-600
10 :. ROUNDS/MIN)-650°F MAX --

10

6 8 A - INTERRUPTED FIRING

o 2" / B-SINGUk FIRES --- MO. MODE -M130X'F

0 5C0 1000 1500 2000 2500 3000

Figure 13 Relationship between Erosion and Firing Rates
(All barrels unplated)

At a slow interrupted cadence in which barrel temperatures did not exceed

0

250 F, the erosion of thc barrel was measured and is plotted in Figure 13,

l:abejed "Interrupted Firing 1V'ode." Note that the higher Lk•rrel tempera-

tures encountilere in the "Interrupted Firing Mode" vs the "Single-Fire

Mode'" i ti'reased the rate o; erosion.

P', iest barrels "T" :ind "U" (Figure 13). a high rate-of-fire adence of

600 rpm (50- :ound bursts being fired at one minute intervals) was established.

The e~rosion rnite, we're determined by measuring the inner diameter of the

br,' b'fore and after firing each set 1f 500 rounds (10 bursts). In this

2h5 F:,the eros I. D. o bf r ight measurements over the first 2.0 inches of

rlabe+,',ie < ',i<'ItrutedFrng oe "Nt ta h hge Lirl.tmea
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ýý,,,s 0' t,.;ts, m:tixi mum barrel temperatures between 500 0 ' ann 650°F werE,

me.s':,Pur,"l. "ieh1 t the single fire mode yielded 130 F and the interrupted

mul)-e. 25'.) F. l1,m'ev. it is evident that maximum barrel temperature increases

swfiu.�if.�. ýl'v ith r.1:te of fire; since high rates of fire are representative of true

cmrtl)aIt conditions, :1Il subsequent tests were conducted under full automatic

r,11t -of-fnl' '(Ir ij llS.

-hDi next s•,i-s of tc ý,ts ,0tempted to establish the advantages or disadvantages

of v;1ry in the substi-ate material, i. e., the steel used for the gun barrel on

whic'h tO1k pltiniý was applied. Three materials were tested: 4340, 4150. and

4140 alloy steels. These barrels were tested under high rate-of-fire condi-

tions and their rates of erosion are ;),otted in Figure 15. The 4340 barrel

sh, ,xs the highist crosion rate, apparently out of range with the other tvio

alloys, so all subsequent tests were made by using the 4140 or 4150 gun steel

as the ,,ubstrate material.

12k-

0

SPP (4340)

F - 1HH (4150)

z 4ag

0 2-/ ixLL & M M (4140) I
0 500 1000 1500 2000 2500 3000

ROUNDS FIRED

Figurii 15 Comparison of Candidate Substrate Materials

(All barrels tungsten plated)



Figure 16 shows the test results of the tungsten-plated 22-caliber barrels.

Three of the barr.1s wprp fired in the high rate-of-fire mode while an addi-

tional bh'rrel, barrel "G,"was fired in the single-shot mode. Again, the in-

creased erosion under high rate-of-fire conditions can be seen.

SUMMARY

This report has described the techniques and test results of a program aimed

at reducing 'he rate of erosion in the bore of a gun barrel and thereby increas-

ing its life. The effective life of a gun barrel is usually defined in terms of

its accuracy. the reduction in velocity of the projectile, and in the amount of

erosion. During the conduct of the experimental tests described herein,

each of these parameters was measured; however, this report has concerned

itself only with recording the rate of erosion of the barrel. Therefore, the

effective life of a gun barrel cannot be precisely determined from erosion data

alone; one can only evaluate the comparative rates of erosion as a function of

number of rounds fired for each of the barrels tested in this program.

To judge the effectiveness of the tungsten plating process in reducing barrel

erosion, a comparison should be made of barrels fired under identical test

conditions. This is particularly true when the gun system (i. e., gun and pro-

jectile) was selected for reasons of the stringent requirements that would be

placed on the barrel. Also, the tungsten-plated barrels should be compared

to chrome-plated barrels, chrome plating being an accepted military practice

for increasing barrel life. In the course of the test firing program. a chrome-

plated barrel was fired under conditions identical to those of the unplated- and

turnj,,ien -plated barrels. The experimental results are plotted in Figure 17.
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.- 10
0
0
.6 8 HH, LL, MM (AVERAGE)

M-60 (- 600 ROUNDS/'min)
6

Z 4 -
0

0 2
10 0 0 G (single fire) (4150)

0 '_ . - . I L,-

0 500 1000 1500 2000 2500 3000

ROUNDS FIRED

Tigure 16 Relationship between Erosion and Firing Rates
(All barrels tungsten plated)

12
-c h
.c 10k• L PLATED T & U

6 0.002" Cr PLATED W

6 TUNGSTE N-PLATEDS~HH, L L, MM

Z 4,
0

, -. , -- 4- .0.004"
TUNGSTEN-

PLATED

0
-820

0 500 1000 1500 2000
ROUNDS FIRED

Figure 17 Erosion of Unplated, Chrome-Plated, and
Tungsten-Plated Barrels
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The rate of erosion vs the number of rounds fired was averaged for the un-

plated barrels "T" and 'T.:" in one curve and for the tungsten-plated barrels

"'H", "L", and "M" (plated with 0. 002 inch tungsten on the radius) in another

curve. Tht: erosion of a barrel with 0. 004 inch tungsten on the radius is

shown under "VV" in th"_, lower right corner. A separate curve shows the

erosicri of a chrome-plated barrel "W", which is between the erosion rates

of the tungsten.plated barrels and the unplated barrels. It can be seen that

the 0. 002 irch tungsten plated barrels have the same amount of erosion at

2000 rounds as the unpiated barrel at 820 rounds. The 0. 004 inch tungsten-

plated barrel has the same erosion at 2000 rounds as the unplated barrels

have at 580 rounds. This represents a reduction in the amount of erosion

of 250% and 350%, respectively, for the tungsten-plated barrels.

Attention is directed to the fact that the 0. 002 inch tungsten-plated barrel

shows practically no erosion up to 500 rounds and that the 0. 004 inch tungsten-

plated bat rel shows almost no erosion up to 1500 rounds. It can be expected

that heavier tungsten plating will retard erosion even further.

The feasibility of plating of gun barrel bores has been demonstrated. The

test results show a substantial reduction of erosion rates, especially with

increasing tungsten thicknesses. The program is only in its beginning and

many improvements are possible. The optimum physical and mechanical

properties of tungsten from the viewpoint of erosion resistance as dependent

upon the deposition parameters should be determined to obtain the maximum

erosion resistance possible. The process is expected to be adapted to larger

calibers in the near future. Work has started to automate the tungsten plating
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process by using timers, programmers, temperature and gas flow controllers,

etc. Some basic research needs to be done to determine the influence of hy-

drogen embrittlement, diffusion bonding, etc., on the strength of the bond

and the plating and to determine some mechanical and physical properties of

the vapor deposited tungsten.

3.3-26,



3.3 PTSEISSION:

Dh. P. Perrin: Has cnmnarativp heat lnnit data heen m.asurid with

tunnsten nlated harrels vs chrnme nlAte or unnlAted

steel?

Karl 'lever: Yes, it is included In the cornlete naner tn be

published in the nroceedinns.

1. K. "aver: In the vanor denositlon of W, whAt dew noints must

he established and maintained tn ensure .atisfaetnrv

coatinos?

Karl Meyer: Penosition of tunosten was carried out at a suhstrate

temnerature of 13nOVF. The WF. hnttle and transfer

lines were maintained at 1100F to obtain the ronuirod

positive nressure and to nrevent enndensation of 14F6

in the lines.

V. P. Greco: 1. What was the thickness nf Cr as comnared with

tungsten?

2. •,ouldn't A comnarison betveen equal thicknesses

"he more anoronriate.

Karl Meyer: 1. O.nO0l5 in.

2. Correct. Larrer chrome thicknesses will be

tested in the near future.
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3 .3 1)T c)r T1N

Stepyp. f,. Fishrml : I notice vr'u havp shc-vn no micronrarnhs of the

t'ire~d W nlatert nun tbArrpl-. Did you have Any trouble

with crackino or seniir~tion of the 1-1 coAtinn?

Karl "Pver: Crackinn takes mleice after a m~uch lamepr nuntpr of

rounds in comnirisnn to unnlated h~rrels.
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STbu L5 t|- LkUSILO)4 IýLSISiAIT COA'I'INU' AT I 1A'L LIL'I , A L

Iqual Ahinald

V. Pcter Greco
V'illiain baldauf

ienet i<t4L Latnoratories
i'iiysical Chemistry Lab
"katervliet Arsenal
h atervliet, ie\w York

Until recently, in spite of its well known inhierent wceak-
nesses (c.g., brittleness in presence of microcracks),
cnrowe plating nas been the only preventative measure
adopted alainst erosion in cannon tunes at tine l.atervliet
Arsenal. The introduction of wear-reducing additi,'s
(Tiu2 -wax jacket) has increased the ýear life of the tuoes
considerably to tie point where they fail by fatipue ratner
thian wear. In the meantime, successful application of the
autofrettape process to cannon tubes includ-ing lUSymr and
l7Snuin enhanced their fatigue life ny an order of magnitude,
whereby these tubes are now wear limited. Therefore, 1 4 1u
efforts are in progress at the 1,atcrvliet Arsenal to develop
erosion resistant coatings superior to chrome. Alloys,

including Cr-Re, Ni-!Re, and Co-Re, and dispersion-hardened
refractory metals are being applied oy electroplating. As
a parallel effort, plasma spray technique is being developed
for the application of ;.o, Cr, and other refractory alloys.
To evaluate them, two types of erosion gages iiive been
developed and will be described. The results obtained, so
far, on the evaluation of sore of the above coatings will
be discussed.

I NfNUOUC'TIUN

Une of the primary missions of the inatervliet krsenal is tne

improvement of tae service life of gun tuues. To acoieve tais objec-

tive, the Arsenal R1-. efforts are directed to:

1. Improve tne design anu performance of the ):un tunes.

2. L-nance the fatigue life by phiysico-pccianical treatment

of the steel.
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5. ucvelc) coating;s or liners to protect the bore surface from

tic ero1sive ;maoier guses which subsequently reduce tile effe:tivye life

ot tile ýýUil tunes.

it is t.ýc j'Urj:o(S, oF týIis ]pajr to rCvie;, tile A•IS;eIiul'S activities

t il t;ue udcwV1I)I1 ucwt of tile erosion resistant coatings.

I.t jlias already been stated in previous papers, tiiat horc crosion

l.t.S ibeen recogtnizeu as a jajor artillery problem for morc ti•uaii alf a

centur'y, ani ti•at tnc. most exhaustive studies were rm.de durinp,

l941-4i., under tile sponsorship of .URC(l( tile results of v..iich were

suwmiirizea in tie well knowii report entitled "1,),pervelocity Guns and

tile Control of hun Lrosion." Tiiis work resulteu in ý,aining deeper

insijhts into tue various aspects of erosion, bringing into focus a

number of rimterials, which, if successfully applied as a coating or

a liner, could enhance tIe life of the tuue. Yet no final solution

to tuis ;1alady was obtained. For example, Stellitc 21 was found to

be an excellent naterial for the liner of machine ýun barrels, anu

;as adopted for 0.50 caliber aircraft barrels. however, it l•as

reported to have too low a melting point and therefore was unsuitable

when a double base propellant was used.( 2 ) holybdenuma, especially

alloyed with 0.1% Co, was found to oe ýujiong the best erosion resistant

iraterials, but the techniques of its api:lication either as a liner or

as a coatinb were not adequately developed. ivien vapor deposited,

molybdenum coatings were found to sp.ll or have poor auiiesion during

firing;. ) Also, tie difference in tie coefficient of thermal
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cXialisli ýtU;xl1 iluodul us of elasticity of Ao, as compared with steel,

creaýted se;r1iouS prob~lems v~nei o v~as used as a liner. Tne development

01 01 ~tj[UI! S anl er-sion resistant naterial has been reported by

i -a rý,oL, (U), Pa liner7) and ardeji

ýaýOr aiepositcti coatiings oft tungsten and tantaluin(9¾lU) were

alor~reut ) n~ucstldue to brittleness andi poor adhiesion.

Ine perforinaiic of nunicroas otiker coatirnss were evaluatea in erosion

vents Mid jinn )orcI. ,7omc ni: t'iese were cerliet5s1 ), flawe sprayed

( i.ý L 13, 14) uifs it1i(14)an etrdostd
A)~~~~~~~~~~ lUrllzlý ofueutnae n lectrouepositeci

Ct nsOf arUC metals SUCI as '%I, LO, uu, Lr,(-")lcr~euit~

ailloys skici as a-',ar'd &;o--(17,16) i~~~~,U 1 anj a series of

LUu1C lexICletrotlcpositted structures suon as Ur on tLO, Lr On LuG

114C uiiveral results from tliese investigations conducted Lu-i',r iilypr-

velocity coi,uitions, siiowece loi, iiciting pioint coatiilgs to tail u~y

rap)id erosion anu* fign meltingý point coatin,,,s to fail ')y spalling and

fiak1I)ý due to brittleness aria poor adi~esion. It is i~ot to be construed

fromw tao latter ti~at further attempts to apl v the ab~ove coatings

iWOUld continue to result in failure, sincte advancenment.s in the te,;h-

iiolo),, of al p1 ication over tie span of tVie last ti-wo det ,des mry pr'ovio

coat i ný,s ý%ith iirsprovcd kiroperties iwiiici. will be dliscussea later.

;moevcI, at the completion of' the above studies, armor. al. of tlle

-Uatilkit cvaluated, chromium perforiaieu i-omparatively %%ell as a uore

Coat illt ani, COUld he economically) ai plied (ieby electrodepo sit ion.).

(I1eiu and1k `ioul( 4-Iave reported that tne elcctrodeposition of

c'oatii1, in ý,uyi boirtis was atteiiptcd a.s early as 1921 iOy de Svesh~ni1%o4'f
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and flaring of NhBS, in whicn tiAey deposited Ni, Cu and Fe. * etween

192o and 1928 sone caliber .3U mac.,inc gun barrels were ciromiurI

plated at the Frankford Arsenal, and, since 1928, tiaval gun bores

were chrorme plated.) ,Lowever, these coatings were thiin (1 nil or

less) and dia not demonstrate the usefulness of chrorutmi as an erosion

retardant. The extensive studies conducted from 1943 on, throu 1, >uLC,

in whicii techniques were developed to deposit tnick coatins (ý mils

or greater) of chromium in gun bores, indicated the siPnificant gains

whlicii could be achieved. Chrome plated bores (such as the caliber .30

barrel) nave been reported by Lamb and Young(2') to increase barrel

liiie by a factor of two to five tim1es, while itammond() reported life

increases of eight to ten timies with small arms. Tierefore, it was

wiaely accepted as the leading choice to retard erosion in hii:1h

velocity proouction weapons by U. S. and foreiln countries(113,6).

tjowever, much was left to be desired as new weapon requirements

inc reased.

The maior shortcoming of chromium was (and still is) its brittle-

ness and inherent crack pattern often making it susceptible to shearing

a d flaking duriiu, early stages of firing and subsequent undermininjg

erosion of the base metal. (27,28)

With the conclusions of Worid Ihar II and tne Korean conflict,

the interest in the control of erosion was diminisheG. The last rajor

efforts were rt:i)ortcu in two syhiposiuns(2 4)published in 195U and

1952, with tie general conclusion that a complete solution to the

problem of run bore erosion is still a distance away. In the absence
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of a hetter (:oating, chromium continued to be the oniy 1Irotective

barrIer in a uiumbetr of cannon tubes.

i'uriný, the last ten years, two important developments occurred.

i;irst, it was showm that addition of a TiJ2 which was impregnated in

a wax cloth around thie propellant charge significantly increased the

wear life of tue gun tubeG2 9 ,3 0 -31). For exanple, a coAventionally

chroumc plated 173mm JIll3 wculd reacn the condemnation point of 0,2"

wear after 300 Li'L: rounds. tith thie ;il propellant charge combined

%,itji ,ear reducing additive, So)uJ rounds could be fired before reaching

tois liiit. iowever, the fatigue limit was reached at 400 I.FC rounds.

.iiwllarly, an order of magnitude of increase in life was obtained in

otier guns, e.g., .USmin aiio 12.ljnr. uuring, this tirei the iroulem ol

w;car was consiuered as non-existenL. Then the second and very recent

develuopment occurred. At time tatervliet Ytrsenal, uavidson and kunrnel (32)

sUccesstully aUp,jpied tne autofrettage process to large gun tuucs,

extcnoinuj thieir fatigue life considerably. For example, tile fatigue

lite oi 175mrm 1 ,13,;) vas increased from 400 to 263u liFC rounds. iiowq-

ever, tiQc U.2" wear limit reached at 700 rounds, wnicii again, erought

back the problem of erosion into focus. Tnis further proves that the

lroo'la of fati,,ue and erosion uo ;,and in hand and renain equally

iIjo rtant.

A review of the erosion cniracteristics in various weapon systems,

sorij oi •ilicli are givcn in "falc 1, sIsows that regardless of wiietner

Sima tucs are condemlieu by wear or by fatigue, even minor erosion

eftfects -sucii as at bore evacuator or detent holes, can adversely

aftect toe scrvicu life of tht tutnes. Also, primary erosion can
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TABLE I EROSION CHARACTERISTICS AND CONDEMNATION CRITERIA
OF SOME CURRENT WEAPON SYSTEMS

lUNUSUAL ERO.3 ION
EROSION SERVICE ONDEMNATION CHARACTERISTICS LEADING

WEAPON RETARDANT LIFE CRITERIA TO CONDEMNATION

105mm M68 Gun Ti 02 4500 AOPS Fat igue
Additive 1500 Heat

or .075"
1 Wear

175mm M113E1 Ti 0, 1200 EFC Fatigue
Gun Additive Rds. .200'

Wear
155mm M126EI 7500 EFC Fatigue Bore evacuator holes
Howitzer Rds. or erode and furm cracks

6.180 Dia. radially

90mm M41 Gun Chromeplate 3000 Rds Fatigue
TiO 2 Additive Wear

155mm M46 Chrome 700 Rds. Wear
Gun Wear

152mm M81E1 600 Rds. Fatigue DETENT Hole erodes &
cracks

152mm X162 800 Rds. Fatigue DETENT Hole erodes &
cracks

120mm M58 Chromeplate 250 Rds. Wear RAPID EROS;jN OF ORIGIN
Wear

I06mm 1200 Rds. Wear Gas Wash oI Vents
Recoilless for Vents General Erosion of

2400 Rds. other Holes and Bore
for Wear

20mm M24A1 Chromeplate 3000 Rds. Wear
.026" Wear
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contribute to tie reduction in the fatigue life cf the tube. i(xcessive

thenral checkin• and undermining erosion in cnanmers of howitzers some-

times results in condemnable lonpitudinal cracks(33). Tile elimination

of even such minor erosion effects can improve the life of the tube.

In recognizing this continuing problem of erosion, particularly

in hyjervelocity weapons, R&D activities in erosion control at tile

V''atervliet ixrsenal have steadily grown for the last few years, with

tile miain objective of developing erosion resistant coatings superior

to chrome plate.

tk•QU Ii•L• £T FOR A SuCCLSbFUL LRUSION RESISTANT COATING

'fIC re~tuiroments for a suitable material to withstand the

environment of h1ypcrvelocity firing have been summarized by Sciiairer(34)

anu ihobstetter( 3 5). They include high melting point (>1bU0°C) chemical

inertness to owuier gases, hign thermal conductivity and specific heat,

high mechanical strengths and hot hardness, reasonable ductility and

fracture toughness to withstand mechanical snock, fabricability and

availability in economic quantities. For coatings and liners, good

adhesion, and thermal and mechanical covpatibility with the gun steel

are additional requirements. The final selection of a material, however,

will depend upon tie performance for which the weapon has been desigined.

Unprotected gun steel can be consiciered reasonably acceptaule for

weapons involving low temperature propellants and low muzzle velocities,

such as in the case of some howitzers. As muzzle velocities ana pro-

pellant flame temperature increase, Stellite 21 or other oxidation

resistant Co-,wi alloys are found satisfactory. hor more severe

3. 4-6



conditions vhere double and triple base propellants are employed, it

will be necessary to use relatively nigh melting F;oint metals such as

No, Ta, IV, 4r, Re, Cb and their alloys.

In order to understand what is required to ir-wrove the perfor-

iaance of cihronlium as an erosion retardant, an understanding of its

behavior in gun bores is important. bpalling or flaKing usually

occurs within the brittle chrome coating itself(3b) wnicji is accentuated

uy the inaerent stress crackl pattern which also leads to unuurnnizing

erosion. This behavior rules out non-adhesion as the prirary cause

of failure as sometimes reported. Ihvidence of cracKs and slialling

of carome in a fired gun tube is shown in [iguro 1.

The limits in whiich a candicate coating %.ill ue consicereu to

outperform chromim, deposits onto gun steel uurinb; firing is shoii

in Figure -4 wiiica shows the general form of wear vs. round curves

for unprotected gun steelr 1 ) and chrome plated gun szeel ) . Laroirium

exiiuits zero or very little wear duriný tuie initial stage of tube

life. As the caromiuwm ureaks dJun and flakes aw-ay, t1he basc rietal

is quickly attacked and a sudden rise takes place in the slole of tue

curve. i•ccording to the siaded area, a candidate iaterial could nave

a lower erosion resistance titan cliromium out better cnaracteristics

of adhesion and ductility and then outperform ctiromium uy increasing

tue round life.

For the aqpplication of a material in a cannon tuuc, considecratioi,

has not only to be given to the necessary pitysical, chemical and

meciarnical properties rentioned earlier, but also to tire iethods of
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its iyjtj. The most desirable tccunique has to Ue such that

(1) tne tube is n,,t to be neated above 6OiJC, (2) thie applL~d coating

is uniform and '.Ias a good bond onto the substrate, and (3) the aplpica-

tion ',rocess is cconorically feasible.

s)canning the p~resent day technology of coatings which include

electrojilatiug, chemical conversion coatings (e.j;., anodizing),

diffusion -oatings (car~iding, cliromizing, nitriding and mctaliidinpj),

flame spray coating4s (D.C. ARC plasma, oxyacetylene anid detonation),

.iot dip' coatings, and vapor deposited coatinps (such as vacuum

evaporation, ion plating, sputtering, chemical vapor plating and

glow dlisciiarge), indicate that the following four techniques can ineet

the requiremnuts of coating in a gun tube: (1) electroplating,

()flarie syray, (3) sputtering, (4) CVD (chemical valor deposition).

of tliesc, electrol-lating is the easiest and is being economically

used on a large scale. ',ith this technique, materials sucii as Cr,

Co, Ni, Re and their alloys can be applied. However, other promising

refractory materials such as pure No, W~, Ta cannot be electrodeposited.

.bD and 1'0 can be elect rodeposited as alloying elements witia Ni, Co and

Fe but further experim~entation must be undertaken to produce sound,

and adherent deposits. Flame spraying (especially L.d. AkC flamne

sp~ray) can be used to coat any Yiiterial in a tube provided the

diameter is large enough to accommodate the torch unit. Sputtering

gives excellent coating-substrate bond and does not require heating

the suibstratc. Hiowever, it gives coating of a -limited thickness

(generaly one mil). I'ith large cannon, the thickness of more tnan
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five r ails is required. It is also not econorically fcasi'le for

large tubes. In cberical vapor deposition, to acihieve a ,ood bond

it is necessary to Jieat the substrate to a temparature w;icii Mig,,ht

adversely affect the mechanical propcrties of the tubc,

.Therefore, in this study, we have selected electrodeposition and

iplasyu sl,ray techniques to api,ly candidate coatings to ýun Iores.

To evaluate these coatings two types of erosion [ages have also

been developed which will be described later in this 1,aper.

LLLL'RUJLIFJSITLU COtUIN(GS

Lfforts on electroplated coatings at this Arsenal can be divideu

into two categories.

1. Improvement of the chromium coating, by either providing an

interiaediate coating, or by alloying with other elements.

2. oevelopment of coatings other than chronduw.

In tne initial stages Lashnaw, 37) form•ierly of the uatervliet

i•rsenal, investigated the possibility of improving conventional

chiromiium plate by introducing an intermediate deposit of ductileretals

such as 4i, co, and Cr. Induction heating for a period )f three to

five hours was used to effect diffusion bondinp. The results were

not encouraging. It was also revealed that the fornmtion of a Urittie

phase of chromium carbide at the interface was one of the c;,uses of

the flaking off of chrome plate from tiie bore surface.

Cr-lhe - Sall amount of Re(3S)alloycd with carontium iias oeen

rcported to increase its ductility. Also, as 3hown in the pihase

diagram ,(Figure 3), Cr-ke alloy has an m.p. hiphitr than u.i, atn
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FIGURE 3. CONSTITUTION DIAGRAM FOR THE CHROMIUM-RHENIUM
SYSTEM
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important property for a desirable coating. Therefore, chromium-

rhenium alloy coatings were attemnted under various plating conditions.

Yihe electrolytic bath approximated the composition used in tue

limited studies reported by tvokova and Lainer(c 9 ). '[he micro-

structure of Lr (I') Pte deposits are shown in Figure 4 with and

without stress cracks. The hardness of the deposits i•as found to

be 140U Kn as compared with 9uu Kn for pure electrolytic chromium.

In various degrees, the deposits exhibited stress cracks similar to

Cr. une of the apparent influencing factors was the pih of the solu-

tion. Also, this alloy could not ue coated beyond a certain thickness.

Further studies are required to determine the cause of tiLe formation

of cracks and what limits tne tuiickness of the coating.

ii-Re and Lo-ke Alloys - Because of tne difficulties encountered

witn the Cr-iRe system, coatings of i•i-Re and Lo-ke were investi jated.

ite forms a solid solution both with 11.i and Lo and can tiereforc

affect solution strengthening of tLiese metals. Accorcling to the pI'ase

diagrans of these two systems (Figure 5), tiie irelting puoints of tike

two alloys do not decrease at all with increasing perccnt of ie thicii

is an encouraging feature of the systems.

Aqueous citric acid (and/or boric acid) nickel oatO formulations

mixed witi, potassium perriienate, in accordance with tlhe early work of

etherton and 1,olt( 4 0 )., were used to plate ihi-Rc alloys. :Ni-Re alloys

wAere also deyosited using new bati, formulations cuolsistinsL of a

mixture! .)f sulphamaLe and perridhenate electrolytes. Lo-i<c alloy

deposits were obtained by intruduciný, various airounts of potassium
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,errhenate into aqueous sulpharite soiution. The microstructures of

,41-Ke aMd Lo-ie deposits and soine of their properties are shown in

Fiý,ures 0 and 7. The coatings were smooth and free of cracks and

voids. iiotiL colunmnar and laminar structures are observed. Ubserva-

tions under polarized lighting showed the laminar structure to be

superirpiosed over the colurmiar structure. The exact composition of

tnese coatinps has not yet been determined. The Re concentrations

indicated in the figures are those expected from the bath conposition.

O I' )I PH:R I U4N "ST'•LAt'iIILNE1 COATINGS

Dispersion stzenpthened alloys possess high notihardness, an

important prol'erty required in materials for guns, especially those

subjected to a rapid rate of fire. Tliese coatings can further be

strengthened by solution hardening of tne matrix. Sauter et al(1' 41 )

at the 1,atervliet Arsenal nave demonstrated the feasibility of dispersion

strengthening electroformed Ni, Co, and Ni-Co alloys with alpha A12 U3

particles. It was, therefore, decioed to evaluate some of these

coatings in this program. As an initial step, alloy systems of Ni-Al 2 0U,

,i-'iiU2 , and Co-TiU 2 were coated on steel coupons and nozzles. The

details of the experimental work have been reported elsewhere( 4 3 ). The

mdicrostructure of one of tnese coatings is shown in Figure 8. As will

ue discussed later, because of the low m.p. of the matrix, their per-

formance was marginal with the use of triple base propellants; yet

tney have attractive possibilities as underlays for top coatings with

a hi•,L melting point.
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Al loy - i-Re (21)
.2Current Density -100 A/ ft' (II A/dii 2)

Thickness - 5 m i I s
Micro-Hardness -525 knooP
Appearance -surfac;e is not gtay

sound, free of stress
cracks and voids.
L a m inar stru ct u re .

Alloy -Cc-Re (21)
Current Density 100 A/ft ( 11 A/din2
Thickness -i I iis
Micro-Hardness- 510, knoop
Appearance -surface is dullI dark

gray; sound deposit;
freeo of stress cracks
ar~d voids; void free;
c olumnar structure.

X 500

4ICROSTRUCTURE AND PROPERTIES OF Ni-Re AND Co-Re
ALLOJY DEPOITS (FROM, SULFPIAMATE BATH)
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FIGURE 8. MICROSTRUCTURE OF Ni-al20s DISPERSION HARDENED ALLOY

FIGURE 9. PLASMA SPRAYED Mo IN THE BORE CUT OF A 90"4 CYLINDER
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iced( 4 4 )and other horkers at Bendix by the addition of 2% 'Igu

reported to have consistently obtained high level of room tenmerature

ductility in chromium and Lr base alloys. Presently, we are develop-

ing tecaniques for the electrodeposition of Cr-rlgU coatings, ,licii

will ue subsequently evaluated with our erosion gages.

LASt Al k-PAYL) iiULYBU1hU'NW AiW CkLikMldl COATINGS

AS has been mentioned earlier, one of the reasons why molybdenum

could not be successfully adopted as an erosion resistant material in

spite of its excellent properties, was the fact that the technology of

its application in tuoes was not sufficiently developed. ouring tie

last few years, flame spray techniques have made considerable progress.

uf special interest is the J.C. ARC flame spray technique. because of

tILe inert atmosphere used, it is a good technique to apply coatings of

candidate materials such as 'io, Cr or other refractory metals. As a

result of preliminary exploration, we have demonstrated that molybdenum

can be coated in a section of a 90mm tube as shoun in Figure 9. (A

longitudinal section has been removed after coating for metallographic

studies.) This accomplistament was very inportant, because it opened up

great possibilities of applying coatings of a wide range of materials

in cannon tubes. In fact, torches which can be used in as small as

2" diameter tubes are being developed but are not on the market yet.

Vdhen available, it will be possible co coat even 60mm tubes.

Presently, we are optimizing parameters for applying molybuenum

and chromium coatings. Oata on the structure and bond s',.rangth with

steel substrate is scant. It is therefore necessary to study the
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properties of these coatings before they can be evaluated for application

in cannon tubes. Figure 1W shows the microstructure of molybdenum coat-

ings. The inclusions observed at the interface are residual sand

particles from initial sand ulasting of the substrate. The micro-

structure of chromium (Figure 11) shows crack-free deposit with inclusion

of oxide because the specimen w~as not protected from the atmosphere

during coating. Arrangements have now been made to provide an inert

gas envelope around the specimen at all times during spraying. It is

hoped tnat this will give inclusion free coatings of cnromium. A 3m~

tNetco Plasi~ia Spray unit was used to apply these coatings for which

the process conditions are summarized in Talaie II.

LikUSION GAGLS

To evaluate the erosion behavior of candidate coatings, two types

of erosion gages have been developed.

155mm Stub Gun - T[his is essentially a breech end assembly of a

155mm Howitzer which was initially designed to evaluate metal seals

but has now been adopted as an erosion gage. The seal, which is

essentially a conical vent as shown in Figure 13, forms the substrate

for the coatings to be evaluated. A schematic of the apparatus is

shown in Figure 12. The chamber has a volume of 15U) cubic inches

and is provided with a crusher gage to record chamber pressures. A

pressure-time curve for this system obtained with two pounds of T3b

propellant is shown in Figure 13. Di~c peak corresponds to a pressure

of 48 kpsi. Both cool propellants and high temperature propellants

have beeh' used in our studies with firing conducted at 35,000 and

SO,UOU psi chamber pressures. 'Ilie extent of erosion is determined
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AS-POLISHED X200
Deposit N o
Particle Size - (-170 to -325 Mesh)
Thickness - 13 mils
Micro-Hardness - S ,10 knoop
Appearance - mat gray surface

resembl ing a sandblast~d
finish; sound layered
deposit with columnar
structure within the
layers. A few stress
cracks with layer s bu t
no through cracks.
Rclatively few voids and
few areas consisting of
separate phases of

ETCHED X1OOO

FIGURF 10 MICROSTRUCTURE ANO PROPERTIES OF PLASMA SPRAYED
MOLY BDENUM
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\ -POLISHED X200

Deposit Cr
Particle size - (-170 to -325 Mesh)
rhickness - 11 mils
4;c ro- Hardness - 2 70 knoop
Appearance - rr~at gray surface

resemnbling sandblasted
finish; sound and
relti~vely void free
deposit; crack tree;
several large areas
Con 1,s Is t ing o f phases
of chromium ox ide.
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TABLE I1

PROCESS CONDITIONS FOR APPLYING PLASMA SPRAYED COATINGS ONTO STEEL

PROCESS
PARAMETERS Mo Cr

Inmpinging Particle VEL. 150-250 ftisec 150-250 ft/sec

Nozzie to Surface 3 - ý in 5 - 6 in
Distance

Specimen Surface 350°F 350 0 F
Temp. Rise

Temp. of Plasma 20,000-30,000 0 F 20;000-30,000 0 F
4a t e r i a I

Rotdtion of Test Nozzle 400 rpms 400 rpm3
During Spraying

Power Applied for 500 AMPS 500 AMPS
Producing Plasms

(Micro-Sec. Exposure)

Specified Bond Strength 650 psi 650 psi
on Steel by Most Users
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FIGURE 12. SCHEMATIC OF THE 155MM STUB GUN EROSION GAGE
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by nozzle weight loss measurements and by iýore er ti)roat enlargement.

A reasonable correlation between the enlargement oi the bore and the

number of rounds using single and triple base propellants at two

pressure levels %as obtained. fie use of 1.30 propellant at a pres-

sure of 5u kpsi results in a very severe environ)m;ent for a nozzle

natcrial. Figure 14 comapares the view of a new nozzle and One tiiat

has been fired 13 rounds with the latter propJeflant. In our studies,

therefore, for preliminary acceptance of a material, candidate coat-

ings are first subjeqted to a lower j;ressure of 35 kpsi using a single

base (:.,I) pgropellant.

tki4 Rifle - To provide a simple n.ethod for in-house evaluation,

an ercsion gage utilizing the t14 rifle tube has recently been

developed. A photo and draving are shown in Figure l. Tjic design

of the nozzle is such that the surface on which the test coatinj, is

applied can be easily exwained by usual optical and metallurgical

methods after firing, Test coatings are applied on the flat surface

exposed at tWe bore. The coating extends part way into the nozzle hole.

Figure li shows a cross-section of a gun steel nozzle after 820

ruouds. 'The typical erosion characteristics, especially the white

layer, are evident. 'Te average Aear vs. number of rounds of guni

steel nozzles, using standard ball propellant, is given in !igure 17.

1LI'FURMIANCL OF SUlli1 OF 11iL COATINLS TRILD IN l3b!U~ STUi Ulo

Some of the coatings desiribed above were aiplied in the conical

nozzle of the 15tarm stub gun and test fired. As references, some
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FIGURE 15. PHOTO AND SCHEMATIC OF THE M14 EROSION GAGE
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nozzles were also coated with pure electrolytic nickel and cobalt,

Cast nickel and cast cobalt nozzles were also evaluated. The data

obtained to date is summarized in Table III. tAt this stage the study

must be considered preliminary and non-conclusive. It does, however,

shov, that out of the bulk naterials tested tith triple based pro-

pellant, the performance is in the order written: cast Ni, cast Co,

steel. Among the coatings, chro,,we and Ni-TiO2 (bWO gil) and Co-ýý-M12O3

showed negligible erosion, at lowtzr pressurcs, and Co faired better

than nickel, and iron was the poorest.

As a matter of interest, it is -ientioned 'iere that another

approach to ot~tain increas,7d life of gun tubes under hypervelocity

and rapid rate of fire conditir:-s is to use a completely new concept

of rmaterial design for the tube. One of the concepts which we are

exploring is to select a liider of a refractory metal which has a very

high melting point and other erosion resistance characteristics and

back it with a filament reinforced metal matrix composite jacket.

"Ihis is illustrated by Figure 18, which is a picture of a 20mm thick

refractory alloy liner with a U.0OUS" tungsten filament (tensile

strength )UUA0UU psi) reinforced nickel matrix jacket. The composite

with 55 vol. percent of the filament is estimated to have a tensile

strength of 20(,UUO psi( 4 6). TLhe smooth section demonstrates the

machinability of the composite. The inset shows the cross-section of

tlie composite. Tubes designed from such high strenpth, high terpera-

ture refractory material may prove successful in withstanding the con-

dition of very high muzzle velocity (like that expected in kinetic

energy rounds) and rapid rate of fire anticipateu in future weaponry.
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TABLE III. EROSION RESISTANCE OF COATINGS IN 3/4" NOZZLE

Enlargement of the Nozzle Diameter
in Mils, per Round

Ml M30 Ml M30
MTL 35Ksi 35Ksi 50Ksi 50Ksi

Gun Steel 1.90 6.38 4.4 lO.8
C,.

• 4340 1.42 4.56 - -

I,.-

SCast Nickel 2.5
(depolarized),

Cast Cobalt 3.3

Chromium NIL NIL NIL WASH OUT
(2 Rds.)*

Iron 1.08

Nickel 0.25

SCobalt 0.195 3.0

Hi-Tie 2 (200 g/1) 1.25

Ni-TiO2(400 g/1) NIL

Co-Wp-al 20 3  NIL

i Ni -Re(18%)

Ni-Re(25%)

Ni-Re(48%)

Ni -Re(>80%)

Co-Re ______ _____ ____ ____

*WASH OUT - is defined as complete removal of coating on throat area with
simultaneous removal ot some substrate after one round. Cause of coating
removal under these circumstances may be either poor adhesion or rapid
erosion.
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CLOCLUSIUAS AND FUTURE PLANS

The work reported above is still in its preliminary stages and is

in effect exploratory; the main reason being that it was supported by

'kjT funds, which do not provide for research and developiient efforts.

"Their requirements dictate a quick exploration of the technology

followed by its application to the solution of a specific problem

or producing a hardware. It is heartening that recently we have

given some responsibility to undertake R4E work on the erosion control

in small arms whicn will complement this La-.,T work, and thus enable

us to have a balanced progranm on erosion control. Our future plans

include:

1. Further develop the electrodeposition technique to obtain

improved carome or chrome alloy and other refractory coatings.

2. Evaluate dispersion strengthened coatings both as underlays

and as primary coatings.

3. Further develop the plasma spray technique, and investigate

the mechanical and metallurgical properties and erosion behavior of

promising coatings.
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AERONUTRONIC ADVANCED GUN BARREL DEVELOPMENT PROGRAM

R. A. Harlow
R. C. Kimball

Aeronutronic Division
Philco-Ford Corporation

Newport Beach, California

Acronutronic is conducting a program for fabrication develop-
ment and testing of advanced gun barrel concepts for high
cyclic rate weapons. A 7.62 mm MG3 machine gun capable of
firing 1100-'1200 rpm is being used as the test weapon.
Homogeneous and bimetal barrels are being fabricated from
high strength steels, superalloys, and refractory alloys
and tested to destruction such that comparative data for
each class of materials are generated. Preliminary data on
various alloys have shown very significant improvements in
burst length capability and erosion life compared to conven-
tional gun barrel steels.

introduction

Prcsent and future advanced high cyclic rate weapon designs, such as the XM-140,

XM-12c, HIIPAC, VRFWS, and the AX Cannon, have created a need for improved barrel

materials and processing technology. Requirements for increased firing rates,

MIzLzle velocities, flame temperatures, bur3t lengths, barrel lives, and strength

to weight ratios have made state-of-the-art materials obsolete for various

advanced designs. Barrels for high cyclic rate weapons must endure firing

rates of up to 1200 rpm/barrel or greater which result in very high bore

temperatures. Burst lengths must be limited to several seconds in order to avoid

"0evere krosion and/or bowing and catastrophic failure of the barrel. This limits

(1)
,ven present-day guns to very short time on target capability, (3 to 5 seconds).

Barrel life is limited primarily by erosion from hot oxidizing gases (-•50 0 0*F)

and from the projectiles. Added problems include galling between the barrel

and rotating band. Advanced weapons such as Aeronutronic's caseless HIPAC and

CAW-T rtequire barrels to withstaad bore temperatures of approximately 2000*F

duo to the high firing rates and relatively long burst ienbths involved. These

3.5
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temptiratures would severely limit the life of barrels fabricated from conventional

materials. Aircr:aft mounted weapons such as the HIPAC involve an added require-

ment of high strongth to weight ratio.

The problem of barrel erosion is not new, and several techniques involving

electrolytic Cr plating of the bore or employing cast Stellite 21 (cobalt base)

inserts have been used with reasonable success for short burst lengths with

intermediate cool-down cycles.(1-3) However, the need for further improved gun

barrel materials and fabrication processes is very significant, particularly with

the inception of more advanced gun designs.

Althougzh much of the gun barrel development work of recent years is not well

documented, a literature survey supplemented by discussions with Government

agencies and by Aeronutronic experience served as a basis for initiating an

advanced barrel fabrication and testing program. The survey indicated that an

extensive, well organized testing program, wherein various materials were

tested identically to generate comparative data, has not been conducted (or

reported). Therefore, even though some duplication of previous data may result,

a screening approach was selected for this program in order to generate compara-

tive erosion data on the most promising classes of materiels far homogeneous

and bimetal (lined) barrels. The program involves fabricating barrels and lir'e

testing on a high cyclic rate (1100 to 1200 rpm) single barrel 7.62 mm machine

gun. The classes of barrel materials are rated with respect to barrel life/burst

length capability. This program is Leing given supplemental support by Rock

Island Arsenal (QDRI) under Contract DAAF 01-69-M-6556, '"Gun Barrel Development."

This contract has supplied Aeronutronic with ammunition and two machine guns

for use in the test program. The program is outlined as follows:

L•5-



T~rr' 'l• t 1`ý I i Iit y

7. NATO 4;[(42/59) single barrel machine gun was originally purchased

Ior hirr(,l t.Lct ing. Thi., gun has advantages of very high firing rates 1100-1200

.1 quick interchange harrel, and low cost ammunition. The small size of the

hbirrol (I in. diameter by 21 in. long) provides a relatively inexpensive con-

I iluratiom ior test barrels. A sketch of the barrel is shown in Figure 1.

Late. in 1969 a new MG3 which is a later version of the MGI was purchased. This

w• shows little change from the MGI which is of World War II vintage except

that it w%[[ accept the standard 7.62 mm disintegrating link.

Thv test gun is set up at the El Toro test facility. it is equipped with a re-

motc fire control, Franklin/Lumiline system for measuring muzzle velocity, a

ýiX chatnnIl ttemperature recorder, and a rapidly moving chart paper device to

r cord accuracy of .ach projectile. Barrel erosion is measured after each burst

by i silicone rubber replica technique.

Two suppleeental 7.62 mm test guns designated as XM-161 with firing rates of 900

rpm S'upp lied by Rock island Arsenal were held in reserve as backup for the

purchased dGI (42/59).

Cand~iiLe Materials Selection

The materialsi selected for evaluation are listed in Table I. Several classes

on maiteri:ils arc represented in the list of candidates for homogeneous barrels

a.,l1or liners, i.e., (1) nickel and cobalt base production cuperalloys, (2) a

Joy,,Iopuinental high strength stainless steel, (3) a tantalum base refractory u

,ilov, and (4) a conventional "gun barrel steel." The screening approach used

in t-tinest onabils a comparative rating of each class of materials for various

b,,irt len•th ;,nd harrel life requirements of present-day and advanced high cyclic

3.5-2
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TABLE I

BARRELS INCLUDED IN THE TEST PROGRAM

Homogeneous Barrels

Alloy Description and Nominal Composition

Cold Worked L-605 Cobalt Base Superalloy
(Co - 1ONi - 20Cr - 15W - 3Fe max - .1OC - l.5Mn)

Rone 41 Nickel Base Superalloy
(Ni - 19Cr - 5Fe max - .1OC - llCo - 3Ti - IOMo
l. 5Al)

Pyromret X-15 High Strength Stainless Steel Used for CAW-T Barrel
(Fe - .03C - 15Cr - 20Co - 2.9Mo - .2Ni max, .OIS
max, .10Mn max, .lOSi max)

"G,11 Barrel Steel" Purchased German-made Barrels, -- 150 Steel

(Fe - .55C - 1.03Cr - .19Mo - . 6 0Mn - .36Ni)

Bimetal Barrels

Shell Liner Fabrication Method

4340 Steel* L-605** Coextrude

4340 Steel* Ta-LOW Coextrude

*(FWe - .42C - .8Cr - .33Mo - .78Mn - 1.79Ni)

**Composition listed above
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As mentioned previously, the primary failure mode of a barrel is btelieved to be

erosion from the hot gases and projectiles which occurs over a relatively short

period of time. For this reason, a material with good hot erosion resistance

is preferred which does not necessarily imply a requirement for oxidation or

corrosion resistance due to the short periods of time involved. There is no

satisfactory method of predicting hot gas and projectile erosion rtsistance with

a complex environment such as a gun barrel which results in the necessity for

testing barrels rather than performing a simple laboratory test. This situation

is further compounded by galling between the copper rotating band and the barrel

and related problems such as softening of the barrel in localized areas. Criteria

used for selection of potential barrel or barrel liner materials include (1) hot

hardness, (2) high elevated temperature strength, (3) high melting point,

(4) strength to weight ratio, (5) fabricability, (6) cost and availability, and

(7) existing barrel development data. Oxidation resistance is also considered

desirable but to a lesser degree as discussed previ.ously.

Barrel Fabrication

Although many materials appear promising as candidates for high temperature gun

barrels, their marginal fabricability would preclude their ultimate use on a

pruduction basis. For this reason this program and those following will neces-

sarily explore fabrication techniques concurrently with evaluation of adv'nced

materials. It is anticipated that the screening test approach may isolate ma-

terials that perform well but that require further fabrication development work

before high volume usage would become practical.

The homogeneous 7.62 mm test barrels were fabricated by conventional gun drilling

and rifling techniques b) a local gun component machine shop. A sketch of this

barrel is shown in Figure 1. As anticipated the Rene 41 barrel was somewhat

3.5-5



Jji fit:1 t to machinle but with the use of carbide tooling resulted in an excellent

qua ii tv barrc,-. The cold worked L-605 was considerably easier to machine, and

the PvroMCt X-15 was Inachilaed with no difficulty. The more difficult alloys to

m chi~m �• thel process of rifling by swaging appear very attractive, particu-

larly it the,.c maite.rials ac'" used only as a liner.

Bimental barrcls are being fabricated from lined tubing produced by coextrusion.

It is beLieved that metallurgical bonding between the shell and liner is desir-

able, t'or optimum heat transfer. For this reason coextrusion of bimetal tubing

prs wvery attractive. Two material combinations were initially selected for

cot-:trusioti, i.e., a Ta-IOW liner with a 4340 steel shell and an L-605 liner with

a -j,340 steel shell. An extrusion vendor with previously reported experience in

ti, field( was utilized. Tubing dimensions were specified to allow finish

:abIahing,•', to a nominal liner thickness of 0.025 in. The L-605 lined tubing

produced wais of good quality, and the tubing was honed to size and rifled ty

conventioni I methods. The Ta-IOW lined tubing was inadequate dimensionally and

with respect to bond quality bucween shell and liner. The extruded liner was

-hexagonat in cross section rather than cylindrical and was too far out of

tolerance to clean tip to barrel dimensional requirements. The bonding between

m-lI•h and liner was of poor quality and revealed brittle intermetallics. Typical

photornicrographs of both material combinations are shown in Figure 2. Comparative

notch tricturi, tests were conducted on the L-605 and Ta-lOW lined coextruded

tubs.ý which, -is shown in Figures 3-A and B, confirmed the good and poor bond

qialities, respectively. The test consists of cutting nearly through the shell

(or Jickt) material on sections of the extrusion. Testing these samples on a

ton-i Ic machine. then reveals the strength of the bond relative to the parent

'i. atrrl . Fracture through the liner rather than along the bond liie is con-

S_ i. a critrion for acceptable bond quality. Additional efforts are being

2t.1I -c t, * icrt- icceptabl, coextruded tubing.
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Z. 5X
A. 4340/L-b65 Sample Showing Ao-•p•able Bond Quality. Note: The photo

.hows reniant.s of the sacrificial steel cort .ijacent to the L-605
1 in e r OTI th," ID

2.5X
B. 4340/Ta-1l, Sample Showing Unacceptable Bond Quality. Note: The photo

shown remnants of the sacrificial stael core adjacent to the Ta- 1W

liner ,qt the ID

FIGURE 3. TESTED •MI•O4 FM1PtATU SAIMS OF COTUDED TUBING
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PreL iminary ReIsults

Tht, fabrication and testing of barrels is nearing completion. The 1'':I-OW l ind

4340 Nbarrel.I hawV been temporarily delayed because of co.-xtrutsion dil I i( .;1 t it s

a-s previouslv mentiOnt'd.

The Lest dt ,a :,rL summarized graphically in Figure 4. The burst lcntI 1',th \,'rsLl,';

nomiina1l bore temperature plot was based on thermocouple nea st rtn t. taken at:

FLVe locations on the OD of the barrel. An Aeronutronic TLOG compute r program

was developed For converting OD temperature to bore temperaturt. As can he'

seen, burst leogths in the 600 to 800*F range result in nominal bore tcmperatures

of 1800 to 2000'F (each time starting with a cold barrel). These data refer to

a maximum temperature measured approximately 2 in. from the chamber (throat) area.I.

As can be seen from the graph, very severe testing parameters were selected. A

cursory stress analysis was performed in conjunction with preliminary firing

trials to establish a maximum burst length that would not cause structural

failure. Empirically, a maximum burst length of 400 rounds was established for

the steels and high strength stainless steels. This empirical approach was

necessary in order to utilize thermal data from the initial firings for the TLOG

computer program. Similarly, a burst length of 600 rounds was established for

the superalloys, indicating their much higher temperature capability. The bar

chart (Fihte 4) plots the entire barrel testing history versus erosion (and

ultimate failure). The shorter bursts resulting from preliminary trials and

occasional stoppages of the gun are considered relatively unimportant with

respect to erosion, in comparison with the longer bursts, i'e., :300 rounds.

The bar chart shows that the gun barrel steel eroded significantly after a single

400 round burst. and failed shortly after a total of three 400 round bursts. By

comparison, the Rene 41 and L-605 barrels showed no erosion after five 6300 round

3.5-qJ
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bursts Failure of these berrels occurred only during an exploratory 700 or 800

r6und burst. This is considered to be a very significant improvement in burst

length and barrel life capability. Data on the Pyrornet X-15 showed somewhat

better erosion resistance than steel but less than the superalloys. Data on the

4340/L-605 bimetal barrel showed a capability of many 400 round bursts with no

erosion. However, the barrel failed structurally by bulging during the initial

600 round burst. More work would be necessary to design a bimetal barrel for

structural integrity to meet specific high temperatu:re requirements, considering

the jacket to liner thickness ratios and outer jacket material choice. The

lined 4340 barrel design that was tested showed improved erosion life but very

little increase in burst length capability.

A photograph of the eroded area in the Rene 41 barrel (sectioned longitudinally)

is shown in Figure 5. The erosion appeared most severe in the hottest portion

of the barrel as expected, although very little rifling was left over the entire

length. A metallography sample was taken from the severely eroded area and as

shown in Figure 6 proved significant with respect to determining mechanism of

failure. The copper from the projectile jackets alloyed with the barrel allcy,

effectively lowering its melting point. The incipient melting that resulted

allowed the ;ore surface to be literally "wiped away." This phenomenon might

also be expected in steels. Further work is recommended to supplement existing

data on ron-copper (e.g., Fe) rotating bands to achieve prolonged burst lengtihs

and barrel life.
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Cll I 'IIIi01 1IIII

'r\ I v) ica I giw.bil L I Vetc is wil I IfailI by erosion in leuss than 2000 vounds at

il1i i,ýnil pLoak bor( tL.mpLratL1re s of 1.250*F, based on test results from a

(2) H1igh strngth stainless steeLs such as Pyromet X-15 will exceed the erosion

Slife of gun barrel steeLs by :000-2000 rounds at nominal peak bore tempera-

tures of1 1250'F, based on extrapolated data.

(3) Rene 41 and L-605 exceed the erosion Life of gun barrel steel by at least

an order of magnitude when tested at nominal peak bore temperatures of

1250*F based on extrapolated data. In addition, these alloys reveal no

.'vid-nce of erosion after 3000 rounds at nominal peak bore temperatures of

1 700 0 F.

(4) The erosion Uife of gun barrel steels can be increased by at least an

order of magnitude utilizing an L-605 liner. The barrel is still temperature-

stress limited and must be designed accordingly.

(5) Alloying of copper with nickel or iron base alloys during extended bursts

is a zurious performance limiting factor. Alternate rotating band materials

could greiatly improve barrel (and weapon) performance.
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EXPLOSION LINING OF GUN BARRELS

by

James F. Kowalick, Frankford Arsenal
larry J. Addison, Jr., Frankford Arsenal

Winston W. Cavell, U.S. Army Munitions Command

Abstract. This paper is a progress report on a
study to detennine the applicability of the explos-
ives bonding process to lining a 20mm gain-twist
rifled, Mann test barrel. Low carbon steel and 304
stainless steel tubing were employed as liner
materials and the base material was a 20mm gun
barrel segment. Results are presented on the

qualitv of the bonded joint, surface smoothness
of the welded liner, formability limits of the
liner material and the ratio of the explosive mass
to combined liner and buffer material mass. The
theory behind the bonding mechanism is discussed.
The work accomplished thus far indicates that
explosive bonding holds considerable potential
for cladding the interior of rifled 20mm gun
barrels.

Introduction. Explosive bonding is a relatively new joining process

LihaL is beiL~g used to bond metals and dlloys Ln various combinations

and geometries. With this process, bonding results when appropriately

positioned materials are thrust together within a particular range of

velocities bv the force froa an explosive charge.

The process has been developed to the extent where it is now being

eMpl0oyed or considered for a number of specialized applications, including

tnto lining 0 ,gn barrels. It appears to be especially suitable for this

purpo-e due to its ability to bond materials that may otherwise be diffi-

cult to ioin by fusion welding. Explosives bonding in its simplest form

con,-ists of explosively impelling a flat flyer plate against a backer,

or parent plate. The setup before detonation of the charge is shown

inI I I e
illl

-- " -"3.6



••----explosive

detonator 'buffer agent
pa ren tx•• flyer plate

parent
plate

anvil

FIGURE 1. EXPLOSION BONDING ARRANGEmeNT

The buffer agent serves to minimize gouging of the flyer plate by the

explosive products ana to control the impacting velocity of the flyer

plate. The anvil supports the test arrangement and absorbs excessive

stresses that may be generated during the bonding operation.

When the flyer plate strikes the backer plate within a certain range

of the dynamic angle of collision - and impacting velocity v as shownP

in Figure 2, a jet is formed which consists of the surface contaminants

(oxides, etc.) between the two components to be bonded. The force of

the explosion brings the clean surfaces into such close contact that a

bond is established through interatomic forces.

The impact--ng velocity v and dynamic bend angle 0 of V:he flyerP

plate (See Fig. 2) are influenced by the ratio of Lhe explosive to

flyer and buffer plate mass L/m, the velocity of detonation of the

explosive charge v1 , and the initial angle of inclination a between

the plates. When the flyer and parent plates are initially parallel,
• • • undytovated
Vd exp os ve

buffer

dowJ6flye plate

FIGURE 2. DYNAMICS OF EXPLOSIVE BONDING
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.0 .ic angl. I e of coil is ion 7 equals the dynamic benid

A 01, . "t•,Ht, itative understanding of the interdependencies

t 1, t .:nl iic :,'L r al can be deduced with the aid of the vectorial

c I t ,. , o which the following equation;i have been rationalized.

2 v Sin (0/2) (I)

v Sin P/Sin ( a (2)

isiia ( po)ition 01---undetonated explosive

dnatic positioii of Ilye;:

:' F G TR 3 . VELOCITY PARAM1ETERS

cr• v i.; tie velocity of the collision point in a direction tangent to

itt •.irnt plait. Altthough Eqs. I and 2 were derived for flat plates,

t:i(-, are IýcF crw•.v applicable to curved geometries.

Othecr i lveiLcil ators(l) have reported that a jet will be formed and

i,1:1,,t a t:atIlluriical bond to be accomplished if (1) the magnitude of

, ir,, aur ):'itatelv 1200 meters per second to tne sonic speed

I t , ah. J (2) the macgniitude A v exceed, a critical

iii !','d L, prtduce stresses sufficient to overcome the elastic

,i,;. I it Kail oL :t' of the members.

i ,.!'i te :1i Pf tr- 0_. The current explosive bonding study reported

:W ,,', I Cminm of gain-twist rifled, 20mm Mann barrel ýegnment -

t i I i 1i:1i(1- . he barrvl sections were 4 inches in lengti, had

: , . it ,, itt accordance with MIL-S- 1595D (MR) and were

•* : ' .. r i to, a [Irine.l I hardness of anproximately 32S. ReIa-

, .- . ,-. cirhn and type 10' .tair less steels wer,, used
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as liner materials instead of the more expensive refractory alloys. it

was the intention that, after the feasibility of the proc(!ss Ia-, demon-

strated, refractory liners would be employed in subsequenlt work. The

explosive employed throughout tilis work was nit~roguanici oe, a powderec'

substance which can be conveniently loaded in the density range from

approximately 0.2 to 1.0 g/co, corresponding to a velocity of detonation

of approximately 2250 to 5460 meters per second. Based on past exper-

ience, the nitroguanidine charge was employed at density level.ý between

0.2 and 0.4 g/cc (Table I). Thus, the calculated detonation velocity

and consequently the collision point velocity of the charge was equal

to or less than 3050 meters per second, which is considerably less than

the sonic velocity of steel (5130 meters/second). The ubsonic range

of these velocities fulfills one of the two primary requirements for a

bond to be accomplished as discussed previously.

A schematic drawing of the experimental setup is shown in Figure 4.

The drawing shows the relative orientation of the explosive, buffer,

liner and gun barrel.

barrel

liner
S-buffer

explosive

FIGURE 4. EXPLOSIVE LINING CONFIGURATION (CROSS-SECTIONAL VIEW)

The explosive was handloaded into the buffer tube, either before or

after the buffer tube was slipped into the liner. The liner and interior

barrei surfaces were then degreased prior to positioning the liner inside

the barrel.
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TABLE I

EXjP~oLOSIVE LINING, DATA

=, 1ý 0)BM1 - 144
)II = Cr,/Mo/V Steel

11. i) ILanJf - 0.787 Inch
,L1) G;roves - 0 .8 17 I nch

I it ý1 i ( I I c C, 5

-t o tv . 2 - 0).4 g/cc
Oetil. Ve nc i tv 11 3400 m/~ec

mm: 1O Staitiless Steel or 1008 Steel

VaI I Ph iclKness : 5, 10, 20 mils

ul):u. 323,0.025. 9.675, 0.750 inlch
(12-0.4

Tc f hi n Tubing

En vi ronmental I ed iurn - Air or Vacuum



The gap or distance between the liner and barrel was maintained through

the use of spacers placed at either end of the barrel. Finally, tle explos-

ive initiation train was placed against the main nitroguanidine charge at

one end of the barrel. No anvil was required as the test barrel was

massive enough to absorb and attenuate shock waves that may have pro-

vented or minimized bonding. Process data ancl the ranges of variables

studied in the present work are listed in Table I. Boný!ed ýamples were

visually and metallographically examined and peel or chisel-tes, ted.

Discussion. Several conclusions may be drawn from the results of the

experimentation conducted thus far on the explosive lining of 20mm gain-

twist rifled Mann test barrels. These conclusions tend to narrow the

range of interest of the gross process parameters, and consequently, set

limitations on the range of variation of these parameters for a success-

ful lining operation. While the conclusions only strictly hold for the

materials and combinations used in the present day study, it may be

possible to extend them to other systems, e.g., other combinations of

materials and larger or smaller calibers.

Weld quality and surface finish of liner - Studies to date indicate that

the most difficult section of the rifling to overlay is that portion

around the steps. The most promising welding conditions thus far from

the standpoint of the liners being bonded essentially around the interior

of the barrel were obtained with a 0.750 inch OD low carbon steel tube having

a 0.010 inch wall thickness, glass tubing as a buffer material and a L/m

value of 0.3. Photomicrographs of two locations within the welded joint

transverse to the direction of welding are shown in Figure 5. The liner

was well bonded and could not be separated by peel or chisel testing.

Although the interior Q.,rface of the liner was pitted by the glass buffer
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during welding, the sand blast effect of the glass was not considered

critical in this test. because emphiasis was placed on the quality and

extent of bonding rathei ttan the sarface finish of the lner.

With respect to th'- surface finish of liners, pljotomicrograph's of

other assemblies showed that glass buffers consistently produced marred

surfaces, whereas teflon or tygon liners produced relatively smooth

surface interiors. Glass and tygon tubing, initially, were used a'i

buffer materials because of their ready availability and their densities,

which permitted desirable L/m ratios to be obtained in the geometries of

interest. Despite the pitting generated by glass tubing, tygon buffers

were believed less desirable because the wall thickness of the commercially

available tygon tubing was inconsistent and consequently produced a range

of impacting velocities, which in turn, probably promoted intermittent

non-bonded regions between the liner and barrel surfaces. Subsequent

testing has indicated that extruded teflon tubing apparently is superior

to glass and tygon, in that it does not pit the liner surface and has a

relatively uniform wall thickness (see Figure 6). It was of interest

to note that, even at the present state of development, the surface

finisn of explosively lined barrels made with teflon buffers are ;;meother

than thosue observed previously with some plated barrels.

Formability Limits - Constancy of volume during expansion of the liner

into the barrol is satisfied 6y the approximate equation

WI R1 W2 R2  (1)

where the W',; are average wall thicknesses, the R'-; are average liner

radii, and the subscripts refer to initial and final conditions. The

fractional decrease in wali tihckness, F a (W]- W2 )/W1 , becomes by Eq. 1,

F * (R 2 - RI)/R(2, 2)

F can vary from zero (for R a R 1 ) to nearly one (for R)> Rj).
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Figure 6. Bond Interface Between 1-meil Thick 304
Stein'esa Steel Liner Clad to Region Around
Stept In Chrome-Italy-Vanadium Steel Barrel,
Using a Teflon Buffer and L/M a 0.3.

Magnification - 500X Etchant - Picral.



Each of the contemplated liner materials has a ductility limit which,

even under the high energy rate conditions of impulsive loading, results

in a critical value F as a formability limit, above which a fracture

process is initiated in the material. While this limit is unknown for

the liner materials used in this work, conditions resulting in high F-

values are known. These conditions include large gaps (separation dis-

tances between outside liner and inside barrel surfaces) which correspond

to large values of R2 - R In the current program, relatively high F-

values result from the use of 0.5625 and 0.625-inch OD liners which,

when expanded into the barrel (0.787 - 0.817 inch ID), have fractional

decreases in wall thickness ranging from approximately 0.20 to 0.31.

The remaining liners having OD's of 0.675 and 0.750 inches are less

likely to nucleate and propagate cracks during expansion. For this

reason the 0.675 and 0.750 inch OD liners are being emphasized.

Cutting - Metal cutting occurs when a sharp surface strikes or is struck

by a metal surface in a relatively high velocity collision. In the

present work, the possibility of this occurring is good, as the corners

on the rifling act as cutting edges. There are two conditions favor- _----'

able to explosive cutting which have been observed in this Wo6rk,one of

which concerns high ratios of the explosive charge mass to combined liner

and buffer mass. Results to date have indicated that successful bonding

can be obtained when this ratio (L/m) lies in the range of 0.2 to 0.4.

Higher values result not only in severe cutting but also in the forma-

tion of undesirable melt zones at the bonded interface. Secondly, thin

liners are more prone to cutting than thicker ones. Of the three wall

thicknesses employed in this investigation the five-mil liners are

particularly susceptible to either very extensive stretching or cutting
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at. tie rifle corners. Metal lographic surveys have shown this cutting/

strotching action to occur with five-mul liners around the step region

evenl with relatively low charge-to-mass ratios.

Cutting', of the five-mul liners by the rifled corners, however, did

no0t occur in a symmetric fashion around the barrel which is indicative

of the close tolerances required on gross process parameters to avoid

cutting with liners having extremely thin wall thicknesses. For example,

smail eccentricities between liner and barrel or zones of high density

in the charge could result in localized cutting action, with the lined

(finished) barrel showing regions of good bonding and regions of unclad,

rifled corners.

Charge-to-Mass Ratio - The acceptable range of the charge-to-mass ratio

has been established in these studies as 0.2 to 0.4. This ratio, more

than any other parameter, determines the velocity of impact of the liner

material on the interior surface of the barrel. Significantly lower

values than 0.3 usually resulted in non-bonding, while significantly

higher values resulted in excessive melt formation, non-bonding, cutting

o~r combinations of these. In order to achieve the 0.2 to 0.4 L/m range

for a liner material of fixed density, thickness, and size, the amount

of explosive which must fill the available space inside the liner is

also fixed. Consequently, the required mass of explosive was not enough

to fill the available space inside the liner material. In order to

rectify this situation, a buffer material - glass or plastic tubing - was

inserted into the liner to reduce the available volume for the explosive.

Teflon was found to be move suitable as a buffer, chiefly because of the

tendency of glass to shatter and "sandblast" the liner surface as dis-

cussed previous ly.
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Liner-Tube Alignment - An internal spacer has been employed at the barrel

edges during the present work, which results in a consistent gap distance

between liner and barrel. One disadvantage of this method, however, is

that conditions at both ends of the barrel !pecimen are undesirable, all

the spacer lowers the impact velocity of the liner and prevents weldinog

at the ends. For this reason, all sections examined and analyzed were

taken from the central portion of the specimens.

Conclusions. The studies accomplished to date indicate that explosion

L-c,)din3 !,T(-is considerable potential for the lining of 20mm gain twist

rifled, Mann test barrels. The most promising welding conditions employ

nitroguanidine, with charge to mass ratios ranging from 0.2 to 0.4,

steel liners ranging from 0.675 to 0.750 inches in OD, with 10 to 20 rail

thick walls, and a buffer material of extruded teflon tubing. Further

work, however, is needed to refine present welding techniques - particularly

to enable the liner to follow the rifled contour of the barrel more

closely. Nevertheless, even at the present state of development, the

surface smoothness of the liner is superior to that observed in some

conventionally plated barrels.

References.

(I) Cowan, G. R., and Holtzman, A. H., "Explosively Bonded Product" U.S.
Patent No. 3,233,312, 8 February 1966.

(2) Cook, M. A., Science of High Explosives , Reinhold Publishing Corp-
oration, New York, 1958.

3.6.-li



A HIGH PERFORMANCE AUTOMATIC AIRCRAFT CANNON BARREL

Frederick R. Gruner
Science and Technology Laboratory

Headquarters, U. S. Army Weapons Command
Rock Island, Illinois

Design parameters and materials are described to ob-
tain an optimum barrel design for the 3imm XM140
Automatic Aircraft Cannon. The optimum design was
based on the actual dynamic properties of the barrel
material at elevated temperatures. Barrel tempera-
tures on the outside diameter approaching 2000 F
during long bursts made conventional design practice
unusable. Stresses at elevated temperatures approach
the dynamic yield point. Wall ratios down to 1.25
near the muzzle were required to meet space and
weight limitations. Comparative data taken during the
actual firing tests are shown fcr an iron-nickel base
alloy, a chromium-molybdenum-vanadium low-alloy gun
steel and a typical nonferrous superalloy. A metAl-
lurgical method is described for the determination of
the actual maximum barrel temperatures within 50 0 F.
Effects on the bore of superalloy barrels after con-
tinuous bursts of 400 to 600 rounds are shown in
photographs.

Introduction

The severe firing schedules demanded by the United States Army Combat

Developments Command make necessary the use of high-temperatu.re, high

strength materials for gun barrels. A case in point is that of the per-

formance requirements of the 30MM, XK140 Aircraft Cannon Barrel. A cannon

tube of gun steel (MIL-S-46047) failed after a continuous burst of 266 rounds.

The maximum temperature of 1480°F was reached at the thinned-down muzzle sec-

tion. These results precipitated an intensive investigation of suitable

materials for the high temperatures reached in the gun tube during long

bursts. Conventional design parameters were reviewed and more information

sought on the dynamic properties of gun barrel materials at high temperatures.

This investigation and the results obtained are only a beginning in the design

of high-performance gun barrels. The lack of information on the dynamic prop-

erties of materials at elevated temperatures is still a major handicap in the
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obtairning of optimum gun tube designs. Much research remains to be done in

this field of metallurgy to aid the designer in obtaining the most efficient

gun barrel configurations.

Objective

The objective of this study was to develop an optimum design gun barrel

for the XMI40 Automatic Aircraft Cannon. This gun barrel design is to meet

the specifications of the CDC firing schedule and, in addition, to permit

extremely long bursts without damage.

Discussion

The ideal gun tube materials for the type of high-performance weapon

being considered would have high strength, low coefficient of thermal expan-

sion, high-impact resistance, and insensitivity to notches and stress raisers

over a temperature range of -65°F to 2000 0 F. In addition, the material should

have reasonable machinability, especially with regard to drilling the bore and

broaching the rifling. Other requirements are uniformity of physical prop-

erties, good weldability, dimensional stability over wide temperature ranges,

availability, reasonable cost, and last but not least, exceptionally good re-

sistance to wear and erosion. The additional life obtained from an alloy gun

barrel should justify the extra cost over conventional gun tube materials.

Many materials werre investigated. The static yield strengths of a few

of these are shown in Figure 1. The time frame for this gun design required

a high probability of success for material selection. After the many factors

involved in choosing a gun barrel material were weighed, two materials were

selected. These were Crucible Steel Company High Temperature Alloy CG27 which

is an iron-nickel base alloy and Rend 41 being a nickol-chronium-cobalt alloy.

The chemical composition of these two materials is shown in Table 7. The

physical properties are shown in Table 11. Included in these tables are the

properties of Cr-Mo-V gun steel (MIL-S-46047) for comparison. A comprehensive
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summary of the chemical and physical properties of many high-temperature, high-
1,2,3,4

strength materials can be found in the literature cited. Very little

significant data are available on the dynamic strengths of these materials at

high strain rates and at elevated temperatures in the range of 15000F to

2000 F. The strain rates to be considered are in the range of 5 to 20 inches

per inch per second.

The best available data on the dynamic strengths of the CG27 and the

Inconel 718 alloys at elevated temperatures are shown in Figure 2. Most of

the high-temperature, high-strength alloys now available were developed for

gas turbine applications where long-time rupture strength and creep resistance

were primary requirements. The life of a machine gun or a small bore cannon,

however, can be in the range of 5 to 30 minutes of actual firing time.

Unfortunately, no single alloy embodies the optimum combination of all

mechanical, physical, and chemical properties; therefore, a compromise is

usually required.

This X4140 gun tube is reciprocated by a cylindrical cam actuated by an

electric motoriclearancas in the sliding parts are affected by thermal expan-

sion of mating parts. The thermal expansion coefficient of most of the high-

temperature alloys is significantly greater than that of steel. Readjustment

of the operating clearances in many of the sliding and the rotating fits to

increased values was necessary to permit long bursts of 2C0 to 500 rounds.

Temperature coefficients of expansion of various metals are shown in Table III.

The results of the stress analysis of the optimum barrel design are shown in

Figure 3, which include the effects of pressure, temperature, and external

forces. An equilibrium temperature of 1600 0 F was used in the calculations. This

value was based on firing data from previously designed barrels and from the

results of heat-traulsfer studies. These date are shown in Figure 5 and are the



result of firing tests by the Acronutronica Division of the Philco-Ford

Corporation.

The detailed procedure for the determination of the maximum barrel tem-

peratures by measurement of the grain growth is described in the appendix.

A temperature difference of 500 F was assumed across the barrel wall.

This does not include the skin temperature at the bore that is very high

(2000°F to 2500'F). A dynamic ultimate strength at 1600°F of 76,000 pounds

per square inch was used for design calculations. At high temperatures, the

dynamic yield strength and the ultimate strength are very nearly identical.

The total equivalent stress is based on the "von Mises-Hencky Equation" fol-

lowing the strain energy theory of failure. Equations for the stress calcu-

lations are discussed in detail in the literature cited. Stress concentra-

tion and shock effects of external forces were not considered in the calcula-

tions. A modulus of elasticity of 10,000,000 pounds per square inch was used

which corresponds to an equilibrium temperature of 1600 ° . The results of a

series of tensile tests at elevated temperatures on samples of alloy CG27 are

shown in Table IV.

The external forces on the gun barrel and the corresponding bending mo-

ments are shown in Figure 4.

The important point to be emphasized in this design analysis is the use

of the dynamic ultimate strength for the strain rate encountered in this gun

barrel, at the specific maximum equilibrium operating temperature of the

barrel material.

Results

Three gun barrels, each of a different material, were subjected to firing

tests by the Philco-Ford Aeronutronics Division at Long Beach, California.

These materials were the widely used Cr-Mo-V gun steel, MIL-S-46047; Rend 41,

nickel-chromium-cobalt alloy; and CG27, iron-nickel alloy. The gun barrels

3,*7-3



were subjected to various firing schedules, and finally were subjected to a

continuous burst for as long as the barrel or the entire gun could function

properly. The results are shown in Table VI.

The Cr-Mo-V gun steel barrel withstood a continuous burst of 266 rounds

of standard XM639 ammunition and then failed by a fracture of the barrel at

the muzzle end. The maximum temperature was 1480°F at the muzzle end.

The kend 41 barrel performance was disappointing. At A60 rounds of a

continuous burst of XM639 ammunition, the muzzle velocity dropped from 2180

feet per second aL the beginning of the test to 1851 feet per second at 460

rounds. The permanent bulge in the barrel, 8½ inches from the breech end,

and the condition of the rifling after the gun stopped at 560 rounds are shown

in Figure 25. A total of 1000 rounds were fired in this barrel. The Rend 41

barrel materinl significantly had the lowest impact strength of the three

materials tested.

The CG27 barrel gave the best performance of the three barrels tested.

This barrel was not of the optimum design as shown in Figures 3 and 4. The

optimum design was a strengthened barrel particularly in the area subjected

to the external forces. The test results on this initial CG27 barrel led to

the optimum design. A total of 4500 to 5000 rounds were fired in this initial

CG27 barrel. The firing test that led to a bow in the barrel consisted of 660

rounds of ablative ammunition and 441 rounds of standard XH639 ammunition.

The barrel wau slightly bowed and fired off target, but grouped the shots in

the required three mil accuracy pattern. This barrel was subjected to very

severe tests during its life cycle of 4500 rounds. Four attempts were mad*

to fire the XM140 gun with the initial CG27 barrel through the "Worst Case

Firing Schedule" shown in Table VII. The first attempt continued until a

stoppage occurred at 621 rounds. The second attempt continued until a stop-

page occurred at 674 rounds. The third attempt continued until a stoppage
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occurred at 551 rounds. The fourth attempt continued until stoppage occurred

at 691 rounds. The CG27 barrel operated very satisfactorily in this high

temperature environment. No evidence of keyholing was observed. No rotating

bands were thrown from the projectiles. The only evidence of a potential

problem was that of a very slight decrease in the muzzle velocity as the test

progressed. This same CG27 barrel was subjected to the test shown in Figure

5 with continuous bursts of 660 rounds of ablative ammunition and 441 rounds

of standard XM639 ammunition.

The condition of the bore of the initial CG27 barrel is shown in Figures

26 to 29. The evidence which exists of the balloting of the projectile is

probably due to the expansion of the bore. ThL rifling lands were severely

flattened, as shown in the photographs. Evidence of severe wear and erosion

was noted. The condition of the bore of the Rend 41 barrel shown in Figure

25 is similar to that of the CG27 barrel, although only 1000 rounds were fired.

Both the CG27 barrel and the Rend 41 barrel were subjected to abnormally

long continuous bursts lasting a minute to a minute and a half.

Conclusions

From this series of tests, it can be concluded that superalloy gun barrel

materials are necessary to withstand long continuous bursts expected of the

XM140 gun. Of the three materials tested, the Crucible Steel Company CG27

High-Temperature Alloy gave the best results and should meet the requirements

of performance for the XH140 gun barrel. This metal is one of the lower cost

superalloys and also one of the easier to machine and weld. No doubt other

alloys are available that will give satisfactory performance, however, testing

all other candidate materials is a long and expensive procedure. From the

results of these tests, complete reliance cannot be placed on published physi-

cal and chemical properties of the materials, although this information is of

assistance in screening materials for gun barrels. As a matter of fact,
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better parameters are needed for the wmasurement of performance of materils

for gun barrels. More resaarch is required in the field of physical properties

at elevated temperatures and high strain rates.

37
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Figure 1. Effect of Temperature on Yield Strengths of Various Super-

alloys and Cr-Ho-V Gun Steel (MIL-S-46047)
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TABLE II

PHYSICAL PROPERTIES OF ALLOYS

Ale..._,tid 41. CG27

Density, lb./ cu. in. 0.298 0.290

Melting Range OF 240U-2500 2500-2600

7007 62

200 71

400 86 93

600 102 108

Thermal Conductivity 800 115 123

3BTU/sq. ft./hr./°Fltn. 1000 125 138

1200 116 154

1400 148 169

1600

1800 I72

2000

M-an Coeffitcieut of
Thernl Expanuion

(Table 1II)

Hardness fully *Bed - 36-38 3"40
Rockvell "C"
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TABLE III

Mean Thermal Coefficienta of Ex ansion, Various Metals
(in. per/in, per F) x 106

70 70 70 70 YO 70 70 70 70 70 70
to to to to to to to to to to to

Metal 200 400 600 800 1000 1200 1400 1500 1600 1800 2000

Steel 1030 7.8 8.0 8.3

Steel 1040 7.8 8.0 8.3

Steel (Sun) Cr-Mo-V 7.7 7.8 7.9

Steel 4140 7.0 8.3

Reni 41 6.7 6.8 7.0 7.2 7.5 7.8 8.2 8.5 8.7 9.4

CG27 8.1 8.3 8.5 8.7 9.1 9.5

Haynes Stellite 25 6.8 7.2 7.6 7.8 8.0 8.2 8.6 9.1 9.4 9.8

Haynes Stellite 21 7.8 8.0 8.2 8.4 8.7

Waspaloy 6.8 7.3 7.7 8.7 9.7 10.4

Udimet 500 6.3 6.7 7.3 8.4 9.8

Udiaet 700 7.5 7.5 7.6 7.7 8.0 8.4 9.0 9.7 10.3

W545 9.3 9.7 10.1 10.7 11.0

I1oly-0.5 Titanium 3.0 3.4

Iuconel 700 6.8 7.5 8.0 8.7 9.3

Ince 718 7.1 7.5 7.7 7.9 8.0 8.4 8.9

TRW VMS201 7.8 8.7 9.3 9.7 9.9 10.1 10.3 10.4

3.7-25



TABLE IV

Tensile Tests of CG27 High-Temperature Alloy at Elevated Temperatures

Sample: .357 in. diameter, standard test sample with 3/4-in. x 10 thread

Heat Treatment:

a. Solution heat-treated at 1900°F for one hour, air-cooled
b. Aged at 14000F for 16 hours, air-cooled
c. Hardness, Rc 40-42

.22 .1%
Test* Tensile Yield Yield I
Temp Str Str Str % Reduction

Specimen (0") (P.S.1.) (P.S.1.) (P.S.I.) Elons in Area

1 1600 52,000 48,600 45,240 23.6 66.0

2 1600 (Threads stripped from grip)

3 1600 51,650 48,000 44,640 48.6 63.4

4 1700 21,950 1',900** 14,900** 81.5 96.4

2*** 1700 21,035 17,050 16,000 50.0 82.3

* Tested after 15 minutes ac temperature

** Estimated yield strength because extensometer rods slipped on the test bar

*** The retest on Specimen 2 shuved vwry little degradation ot the yield strength
when the alloy was held for at least 1: minutes at 1600OF prior to the 1700OF
(for 15 minutes) tensile test

307-26
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TABLE V

Standard Charpy (V-Notch) Impact Strengths (Ft-Lb)

Alloy (Re 37-39)

Cr-Mo-V Inco Crucible Rend

Niil S-46047 718 CG27 41
Tamp 0F Long. Traha. Long. Trans. Long. Trans. Long, Trans.

70 16.0 18 9 - 12 5 - 6 3 - 4

-40 7.0 - 10.0 9 - 11 9 - 12 5 - 6 3

-65 8 - 10 5- 6

-320 6- 7
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APPENDIX

Introduction

The initial CG27 30mn gun barrel test fired by Philco-Ford Corporation

(Newport Beach, California) had accumulated approximately 5000 rounds of

firing. The aun barrel was returned to the U. S. Army Weapons Command,

Research and Engineering Directorate, where it had been manufactured, for

evaluation. Samples from various locations along the barrel were sent to the

Crucible Steel Company for examina~ion in an attempt to establish barrel tem-

peratures achieved during firing.

Procedure

To obtain standards for comparison purposes, a sample of 5/8-inch CG27

bar stock was solution-treated at 18750F for two hours, oil-quenched, aged

at 1450°F for 16 hours, air-cooled, reheated to 12000F for 16 hours, and air-

cooled. Seven disks were cut from the bar and given thermal treatments ranging

from 15000F to 18000F in 500F intervals for 15 minutes followed by air cooling.

One disk wav retained in the as-heat-treated condition. Transverse micro-

structures were examined, and representative photomicrographs are shown in

Figures 7 through 14.

The six samples from the 30=m gun barrel, submitted by U. S. Army Weapons

Command, were prepared for microscopic examination in the transverse direction.

The gun barrel, prior to test firing, was solution-treated at 18750F for one

hour, oil-quenched, and aged at 14500F for 16 hours. The final age at 12000F,

normally used for gas-turbine applications, was eliminated in this instance

since the service temperature of the gun barrel was expected to exceed 15000F

and the final age would have slight effect on barrel performance. Typical

microstructures in the various samples examined are shown in Figures 15 through

24. Samples were identified as follows:

3.7-30
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Sample Distance from Breech End (in)

Sl 2.0

S2 4.0

Ti 6.0

T2 13.5

T3 25.0

T4 38.5

Results

The examination results of the CG27 gun-barrel samples indicate that

no microstructural changes occurred at a point up to four inches from the

breech end. Therefore, the temperature at this barrel location did not exceed

1450°0 to 150n 0 F (Figures 15 and 16). Six to 13-1/2 inches from the breech

end (Figures 17 through 20), the outer surface of the gun barrel reached tem-

peratures of 1600OF to 1700 F, whereax the inside (bore) reached temperatures

of 1700°F to 19000 F., At 13-1./2 inches to 38-1/2 inches from the breech end

the barrel reached estimated temperatures of 1800OF to 1900°0 across the

entire thickness of the barrel (Figures 19 through 24).
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REFPRACTORY COATING ON 7.62

MIM M4ACHINE GUN BARRELS

G. F. Wakefield
J. A. Bloom
Texas Instruments Incorporated
Dallas, Texas 75222

In an iittemipt to develop improved performance gun
,re.preliminary work has been carried out in

Itmand evaluation of refractory coating to the
1 1 dianieter of the 7. 62 Mini-gun machine gun

,ii-t'l. The performance, as measured by velocity,
o'th- k o)Ated barrels was nominally equivalent to the

, :.1i Chroium plated barrels. Post firing examina-
io indicatd that. a number of improvements can possibly

t( aiade to improve performance in that the coating applied
,,'-considered to have been non-optimuhb in substrat

nrv(,ta rztion, in thickness of coating, and in size and
Z1Ape (,f the rifling. Further evaluation of this approaýcr

'A'lOe conducted.

Anplic•t•on and preliminary evaluation of a refractory hard coating to

Iii. ir ,•rnij ( diaeter of a 7.62 mini-gun machine gun barrel was done in

'n a-Ot?.'pt to imiprove lifetime and performance. These results are to

hec~wsidt'rtd preliminary and are presented for information only. The

ptr!. , rfii:) c as masured by bullet velocity, was found to be nominally

cquitiient t• ýtandard chromium plated barrels, Because of the recognie;ed

rtip' pi'' e1d o irvture of these initial coated barrels the results were

;'t. -ic-urag ting. Post firing examination indicates potential for

A 0 'zo cctini, and sorl n significant differences between the

,aadhroiu p lated barrels,
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E xperimental Approach

This work is an attempt to utilize a refractory hard coating, which

had previously been developed by Texas Instruments, to improve machine

gun barrel life. The coating, TI KOTE C, is of the refractory carbide

"type and is applied by chemical vapor deposition. This same coating has

been evaluated for the improvement of life and performance of jet engine

helicopter blades in sand erosion environment, on other government

programs. The erosion resistance observed on coated blades indicates

a very high potential for reducing particle erosion. Other Texas

Instruments work which also suggests a potential for the gun barrel

application has been an improved lifetime noted in dies used to cast

molten metals, such as aluminum, where the coating provides chemical

and thermal mechanical protection of the substrate die material.

Because of this potential for improved lifetime, a number of barrels-

were obtained and the coating applied to the internal diameter. The first

experiments used barrels of standard dimensions with chromium plate

over which the applied the thin hard coating. Coating thickness was small

so that the final dimensions would not be changed beyond a testable degree.

However, the presence of the chromium plate interfered with good adherent

bonding to the substrate material, and introduced a possible weak link

between the coating and the steel barrel. Additional barrels were obtained

which did not have the chromium plating and the coating was applied at

a thcikness level of approximately 0. 4 mil to the bore of these barrels.

3.8-1
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Adhcrenct (l. the coatirig 1:o the stet 1 was fair.

Testinii

,ol lb,'oIlwing an application of the coating to these barrels a number were

subtn-ttvd tor test firing. Two barrels were test fired as part of a six

barrel set under conditions considered to be relatively standard. The

inclusion ,)f the four standard production chremiurn plated barrels gave an

internal calitration point to compare the performarce of the barrels. The

major criteria ,f performance was poijcctile velocity measured at the end

of every 4, 000 rounds. The barrel set fired for a total of 124, 000 rounds.

A plot of the achtal velocity data point.s frym the test firing is given in

Figure 1. The general consistent shape of the curves implies that velocity

is a reliable parameter on which to base barrel lifetimc. The constant

velocity from 40, 000 to 100, 000 rounds indicates a sLable bar-el condition.

Furthermore, a line drawn through the points £f each of the curves past

100, 000 rounds shows a relatively straight line drop in velocity for all of

th, hat rels.

The slope of the straight lines does not differ greatly. Qualitatively

this may indicate a similar failure mechanism for all of the barrels.

_rh, post firing metallographic examination also i.idicated similar failure

n.ode,. Exaamination of more failed barrels may indicate a different type

if fathir, and could be compared to velocity versu, rounds curve. A

hlst•.•n ot the. velocity data is given in Table I for the barrel get and the

=V l.,cit y changt. is given in Table IlI.
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Table I

SUN1.1-1Y BARREL TEST DATA, VELOCITY

Muzzle Velocity Ft/Sec

Rounds

Barrel No. I. D. Plating Scar•. 4i, 100K 104K 116K 120K

F \A TI-KOTEý .'C 2785 2787 2653 2571 2520 2456

I TI-KOTE!C 2785 2,848 2747 2677 2692 2631

I Chromium 2789 2765 2751 Z703 2672

2 Chr'omium 2818 2823 2740 2669 2627

.3 Chromium 2804 2819 2749 2684 2623

• Chromium 2813 2830 2734 2667 2605

Table II

SUMMARY BARREL TEEST DATA, VELOCITY CHANGE

Muzzle Velocity Ft/Sec

Rounds

Barrel No. I. D. Plating Start 4K 100K 104K 116K 120K

- TI-KOTE C -0- +2 -132 -214 -265 -329

1 TI-KOTIC -0- 4-63 -38 -108 -93 -154

i Chromium -0- -24 -38 -86 -117

" Chromium -0- +5 -78 -149 -191

Chromium -0- +15 -55 -120 -161

I Chronmium -0 - +:7 -79 -146 -192

" I
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Post Firing Examination

Following the test firing the barrels were returned to Texas Instruments

for examination and comparative evaluation.

The interior bore surfaces were replicated by filling the barrel with

an RTV silicone rubber fluidI and a removal of the rubber after solidification.

This method of replication served to show some significant differences in

the interior surfaces of the barrels. The chamber surface of the chromium

barrels showed to be a very rough surface in the grooves, which appeared

to result from a galling type failure. The refractory coated barrels had

more of the original surface area retained and a much smoother surface

in the grooves, though, some areas of bare steel were also noted.

The same galling tendency of the chromium barrels was noted at the

last 3-inches of the muzzle end, where again the groove areas were very

rough and also contained chips of the gilding metal. For both barrel types,

cracking at the base of the lands was very evident in the ch-Imber section,

but appeared to be more extensive in the chromium barrels.

Barrels 1, 3 and B were sectioned for metallurgical analysis; Number

1 because it was unusual in its velocity during test, Number 3 as being

typical of the chromium barrels, and B because it was the better of the two

refractory coated barrels. The appearance of the *nterior surface was

similar to that expected from observation of the replication samples. Tnat

is, the chromium barrels showed very rough, undcubtedlv high fric'Aon,

areas at the muzzle end and at the chamber end. The refractory coated

3, R-5



Sr. ,, r ,n the ,muzzle end .nd also appeared to have a bette,r

.otri . H tth h;ti-.0 r secti(eri.

I'},,' ht, , 1arr±ls appva red to show a niore normal wear situation,

fh,,t s , ,t thirnti n, ( )f th, coating, whereas the hardc r coating appeared to

iL .. ,,tit l v the, ,ILginal coating where there was coating left, with no

thinning or norn.al wearing.

i}h. ,,ii,st significant. feature of the: cross section analysis is evident

in •,•fili ri,•,ri ()f the cross sections of the three barrels shown in Figure 2.

!V. ti 't , Ie end u)f each of the barrels lacked rifling. In th,! alid-sections

there appears to oc slightly more rifling left in barrel B, though both it

;knd the barcls I and 3 show tendency for one side of the lands to be worn.

The gr1•,rve surfaces all appeared emooth at this section. The most

significant differences were noted in the breech end of the three barrels in

thf. amnoulnt and depth of cracking, -lue to the thermal and mechanical

st re.-;o.s exerted on the chamber The cracks are much larger with

)arrtIs I and 3 than with barrel B. Qualitatively, it appeared as though

b)ar r. IB had retained more of the original shape of the I. D. than barrels

I •nd . The nature of the cracks were different in that the cracks in

1),rr,'tIs I and 3 and the e.,xtrusion of gilding metal back into both the cracks

,:2(! v,,ids d ,.fl by nil! ,,ut was very obvious. At higher magnification, gilding

I I a', s ut n e'xt ricld tui the bottom of the cracks in barrels I and 3.

I p.pa',recd ls 4 in barrrel B. Whether this factor ;nfluences crack

,,r the reas.,n for th!. difference in amount of extrusion into

,h, t hroziiiu:ru barreIs compaired to the B barrel, is not known.

' -.. .. .. ... .. .. .. = . ... ... . . m n { | B ~• -'-'*- .''



a. Barrel No. 1
20,000 -Rounds

t Muzzle End 6. 5X

b. Barrel No. I
20,000 Rounds

Mid Section 6. 5X

c. Barrel No. 1
20,000 Rounds

Breech End 6. 5X

Ii)ýiire 2(I of 3). Cross Section of Three of Barrels Tested



d. Barrel No. 3
S20,000 RoundsMuzzle End 6.5X

i e. Barrel No. 3ZO,000 Rounds

Mid Section 6. 5X

f.Barrel No. 3
20,000 Rounds

"Breech End 6.1a

Cross Section of Three of Barrels Tested
",. o0c,



g. TI-KOTE5SC Barrel
20,000 Rounds
Muzzle End 6. 5X

4 A 
20,000 

R ounds

Mid Section 5. 5X

ij4

j. ri-KOTE C Barrel
20,000 Rounds
Breech End 6. 5X

Figure Z (3 of 3). C ross Section of Three of Barrels Tested
O aQ



An attempt was made to observe the effect of one postulated failure m

,meChanisni that the reaction gases would penetrate the coating, react

"with stcel and cause it to be more brittle. Shown in Figure 3 is the

higher ,magniffication cross section of barrel number 1, in which micro-

.ardrcss traverse has been made from the crack area to the center area

t; the barre!. Figure 4 shows microhardness identations placed across

the crack. All of the other hardnesses were roughly equivalent, and

did not appear to support that the gases cause hardening and embrittling of

substrate material on a gross scale.

To decrease the tendency of cracks, the base of the lands and the top

c.rne rs o;f the rifling are smoothly radiused before plating. Apparently

this s-moothing is done by the electrochemical polish step just previous

to appiication of the chromium. Comparison photomicrographs are shown

in Figure 5 of the shape of the lands for a chromium plated barrel and of

the barrels to which the refractory coatings was applied. A difference is

noted and the smooth curvature of the chromium barrel should translate

into improved performance. The plating of smoother lands should result

in inprovcd performance of the refractory coated barrel also.

Conclusioins

Bas..d on these initial test firing results the following preliminary

c,,nclusi,,us have been drawn: the potential of refractory hard material to

develtp improved performance through increasing the erosion and thermal

,echanical resistant of the barrel appears to be possible. Improvements
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Barrel Number 1 (100X.)

Figure 3. Cross Section of Tested Barrel Showing Hardness rraverse

Barrel Number I (500X)

Figure 4. Cross Sectioti of Chromium Barrel lnd&'akti0,i, Slight

Hardening Around Crack
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in terms of developing a more satisfactory adhesion, more optimum coating

thickness, optimum coating diameter and internal barrel geometry will be

required.
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General Discussion

Chairman: P. Rummel
Watervl iet Arsenal
Watervliet, N. Y.
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GENERAL DISCUSSION

r. I. kuiwnel, Watervliet Arsenal

In tne past day and a half we have considered tne jesign of the

gun tuie, the effects of additives, the behavior of coatings, and

tube materials erosion, so I think we pretty well covered the water-,

front. Ike have rather a short time available here and I would, fron

the hardware design for mass production end of things, remind all of

you investigators and information developers that some very real

constraints face the systems design people in weapons: the question

of cost; some of the solutions may be technically feasible, but we

can't aftord them; the question of producibility, and particularly

under mobilization conditions. hill the equipment and the plant and

technical know-how be available? WIill the materials be available?

Some of you involved in chrome plating in production know that a

laboratory process is a long way from the finished product when it

comes to shipping hundreds of gun tubes a week out the door. So

quality Control and Process Control, etc., are also a part of it and

we can't quit with a laboratory demonstration. It has to go a lot

further before we dare commit it to a weapons system and guarantee it

will be available in so many guns a month when someone wants them.

The logical questior is, "here we are, where do we go from here?"

We could make that a little simpler and say, "Five years from today

where do we want to be? What do we want to know that we don't know

now?"
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Maybe five years is a little long-ranged, but we only get there

a year at a time, so perhaps two to five years. Considering the

limited funds that are going to be available, we have a lot more

problems than we have money to explore them, and that's going to get

worse, I think, not better. So. with limited funds, where are we

going to try to be five years from now in the understanding and

control of gun tube erosion, from the smallest to the largest? Well,

as a start, we ý'qve asked the chairmen of the previous sessions, and

a couple of other unsuspecting citizens to give us their ideas, and

then after that, I would leave it open and try to derive some mutual

guidance from this, in rather general terms. So I have asked Mr.

Warlick from the Navy, Mr. Davis, Air Force, Dr. Picard from Picatinny,

and Mr. Gay from BRL to give us from two to five minutes of ideas

from their personal views and unofficially representing their agency;

where you want to be or what do you think we should be doing the next

two to five years on this subject.

Mr. G. L. Warlick, Naval Ordnance Station

I would like to make it clear that any thoughts I may have are

personal and not necessarily that of the Navy.

The various papers have presented different methods of controlling,

or reducing, barrel erosion, each showing significant gains for a

particular gun system. There are many gun system parameters that are

not common in the several papers, such as propellant flame temperature,

rate of fire, rotating bands, chamber pressure, etc. It is not clear

that the same degree of success would have been obtained under 4
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difterent set of conditions. I feel that it is necessary to get a

1;,tter understanding of the mechanics of erosion before the optimum

solution of barrel erosion can be applied to all gun systems.

It appears that the total erosion is dependent on a number of

contributing parameters such as propellant flame temperature, pro-

jectile weight, rotating bands, muzzle velocity, etc. Until the

significance of each contributing factor can be determined, erosion

control will be subject to a cut-and-try approach.

Significant progress has been made by the several agencies

represented here in reducing erosion in various gun systems. It

appears that the simplest solution of barrel erosion is cool burning

propellants where gun restraints will accept an increase in charge weight.

However, the ever-increasing demands for higher velocity and reduced

gross gun weight essentially eliminates low force propellants as a

universal solution to barrel erosion. Although the papers indicate

significant gains in barrel life may be obtained by the use of various

additives, it is not clear that the additive would have been equally

effective in another gun system.

In view of the universal problem of gun erosion, it appears

desirable to establish a committee, representing the several Services,

on the work~ng level for the exchange of ideas and coordination of

effort.
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ýW. Lt...Oavisb hglin AF6

f:irst of all I would like to say that tile Air Force has,

essentially, two standard gun systems. he have the 2Urnm iil and

the similar 7.b2ram minigun. Although we are not completely haply

witn thie barrel life and would like to have better barrels, we arc

not really too much concerned about either of then at present; they

are L)oth adequate. i-dhat we are concerned with, iand this is reflecteo

in our current prograns, is how to build better gun barrels for tic

future generation of wveapons which we expect to see in our aircraft

in five years or so.

Inese new guns will have mucn higher performance. 'Thiis is an

unclassified session so ' can't tell you the muzzle velocity, rate-

of-fire and other perforrance characteristics, but suffice it to say

they will have high energy density cartridges and high rates of fire,

and the erosion problem will be much more severe than anythiui in

oeing today. This is the problem we are working on. This is the

reason that in the work described by Karl [ieyer this morning he useL

.22U Swift ammunition. It was used because it has the highcst velocity,

nigh.est ener;,y, and most severe erosion characteristics of any round

corirmercially available and provides a reasonable s~nulant of what

our futurc problens will be.

in some of the papers presented durin& this session "standard"

erosion models were mentioned and hope of solving the reneral

erosion problem expressed. I don't think this will happen. There

are several mechanisms of erosion and the one you must be concerned

with is the one which is dominant in your particular gun. Tiie
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do::iuant mechanismn ,ill differ and will not depend only on charLur

,rcssUre, Jhuz1le velocity, and propellant flame temperature, but

alio on the rate of fire and firing scnedule. "The ideal solution

to tuc erosion probleii, in one gun will not necessarily solve the

,,roolcri for another systeml. Lach gin system will require its owvn

solutioll. I thlalk you.

Dr. J. I' icard, Picatinny Arsenal

ior tie last two days I have listened with great interest, to

tae various papers presented here. I see that the work reported can

oe divided among two major categories; one dealing with attempts to

improvc the gun barrel life through plating with various metals,

wiiilst tae otoer is attempting to increase the life of the gun tube

u)4 the use of ciieuical additives either added to the round or the

propellant itself. 6ut I was somewhat dismayed at the fact tliat very

little scientific approach had been used, most of this work was

carried out on a nit or miss basis. In my opinion it is time to get

tog,,ether and try to establish a fundamental research program that

tvill lead to a better understanding of the phenomenae responsible for

erosion in gun barrel. Such a fundamental approach can lead to the

develoepment of either superior coatiag or plating materials and/or

I~erhaias more effective chemical additives.

,"y'c one mig•it discover that a combination of chemical additive

and ilating will permit the use of mucli higher flame temperature Iar-

h'ellnt tn.at conversely will contribute to higher velocity, hig;hcr

rate cf firinu, and muzzle velocity.
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un the other hand the lptential of developing propellant %ith a

high force-low flame temperature cannot be neglected. There alsu

exists several approaches to be explored. In my opinion this can be

achieved through a better understanding of combustion, gas kinetic

t anu thermodynamics as related to guns. Along this line let me cite

the fact tnat in the field of rocketry this has been explored quite

thoroughly and tnie results obtained have paid highi dividends.

Obviously such a problem cannot be tackled by one or two groups

alone. It can only be achieved by working together and having, from

time to tine. exchange of ideas and information. In other words,

it was noticeable that a lack of comnmnication exists between the

Services. A rmeeting of this sort, if held at least once a year,

should do a great deal toward improving thiis si.tuation.

In conclusion, I would like to suggest that the propellant

choiiists be made aware of any new weapon concepts, as early as t;ossible,

and be called upon to suggest what propellant should be useu or

developed for this application. Too often the propellant ciien-ist is

asked to supply a propellant for a Fiven weapon once the latter has

beeii designed. This approach should improve the chances of getting-

a better weapon for less money.

Sl, Kr. s. h•. iiollinguivii U. K;.

It is not possible to draw a clear conclusion without greater

study of the papers individuaily. Ne have just heard soe excellent

remarks about scientists and engineers getting together right in the

b_ bginning of the project. This is one of the things I was gpoinlg to
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* c~usc ~e t Ptlct. itlstcad 'iave had ani cillortunit ou hs

~.iV ~Lsi~ft~rs,;ystew~ cnpineers, chevcists, phiysicists ianu

;ietallur1 ui'ists all w-.orkiny' tolctiier. our metallurgical peolle are

irvres scd by what is jgoiný, on with exotic superalloys and structured

rectalsi here. 'ýC hiave a little envy, because we do not have funds to

do that. This question of fuads perhaps is more important a factor

taau one really appreciates. lie i',iust look at the whole thing and

deci~civ.-iiat is g~oing; to be thc economic solution. obviously if we

ca C~t to,;cther and consider %hiere a solution can I)- obtained 'by

usia., tite correcL additive, and the best steel liners, we then can

havQ a~rut~~ r'ore econorical solution. In meetings and discussions

Iijsc tuis wc can get together, find what each other is doinp uAnd try

to set cowinon goals. i~ut the biggest problem, as mentioned by one

of th~e session chairmen, is that every weapon has specific problems.

You have achieved a great deal of success in this conference.

obviously jiuich progress has been made with coatings and various

additives.

AIr. A. K. iloberts, Canada

i have talked with br. Picard aoout the working arranyements we

naud in thec past %'.ith Ficatinny Arsenal. I personally hope that we

will be able to re-establish a working relationship with the United

I~tatus in this field. Uvy own~ feeling is that our contributions will

ov alonj, the lines of understanding the fundamental mechanisms.
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6,. iP9 .1. Way, Aberdeen Proving Ground

Mien I aheard flame temperatures of AUO degrees (Ikahrcneeit)

mentioned, I was surprised because I am accustomed to degrees tKelvin.

It reminded me that there is a oUU directive that says we shiould go

to the m.etric system. Since most of us are newcomers ki this field,

perhaps we should follow that directive as a first step to%%ard uni-

fonnity.

;x. F. it. Gruier, Army h'eapons Comrand

In review of the many excellent papers presented at this meeting

on the general problem of gun barrel erosion, it seer's that many

laboratories are working; on the same proulais. There is evidently

rnucii duilication of effort. hlimination or a great reduction of

this duplication of effort would make available more ran hours with,

the same funds toward more rapid solution of the erosion probler.

A coordinating group that could work up a general plan of researci

and development would seem advisable. Following the plan, specific

tasks could be assigned to a laboratory in its area of greatest

calacity.

From these combined efforts in a defi,.ite plan, much nxre raliu

progress could be mande toivard solution of the erosion 1:roolem.

,,,r. mm U'I mO

'fhc last point is well taken. There has Ocen a variety of dis-

cussions on the various ix)ssibilities of coordination and uiscussions
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,,i• :%.T':.' ,roui's and possibly interservice ,,,roups. I tkinf one

coiutrit)utlon troi,, t,,e 1atervlict Arsenal out of this r-ecting is a

"luirllit, co up'date and distribute the bibliography on "(iun "Tute

i.rosion and Lontrol." This is a start in a siiall way in ipr~iroviifl

coruiinications. I will remind you again, those who iiave puulishcd

paiers i.,iich iave not L)cen included, to let us know. 4e will be

putting; out a revised bibliopraphy with tile proceedings. '"lis is a

snccific action, it is rather difficult to end a ,eeting, like this

W.itih iterus such as, "we will do this and you do tlhat." 'this was not

tilc !oint of this meeting. Some useful actions may iiowever result,

and at least ;e have a better view of the current status of work anki

of the people working in tiese fields.

br. I. Anmad, Watervliet Arsenal

I certainly agree with vir. Gruner. We should not leave this

reetinh,, with loose ends. Ic have reviewed tVle state-of-tne-art and we

al1 preciate that we have not been following the systems approach and

tc, at tiis time, do not have adequate communications witnt each

ovter. i~ather than just stating our realization of these deficiencies,

I think it is titre to take action. he should take concrete steps.

,, c. C. I '111 C"nilittee by which we can t-y to establish con-

n•unications between services. Perhaps have Nir. Vavis from the Air

[orcc, ir. ,;,'rlick fro•,; the ,\avy, sonic people from Watervliot,

I icactziny, and iberdeen, on this committee. Later on, twe directors

of ,t• sections of these organizations can meet aclti other anul
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encourage the workers on the bench level to establish contacts

between themselves. Meetings like this, perhaps on a smaller scale,

should be arranged after six months or a year to discuss the progress

made in this field.

.Ur. R. E. Weigle, Watervliet Arsenal

In closing, I maks the observation that we have made a start

towards establishing a basis of knowledge concerning erosion and its

control. By continuing our communications, as mentioned by several

speakers that just preceded me, we will hope to improve upon that

base and, of course, capitalize upon it. That is why we are in this

business. Speaking for Watervliet Arsenal, we enjoyed having you all

with us for the last few days and we look forward to mintaining the

contacts we ,stablished with you. To those of you at the bench level,

we trust this interaction will result in formulating some meaningful

research programs leading to the solution of the problem of erosion.
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they have, or any suggestions for improving the format, to Water-

vliet Arsenal, ATTN: SWzV-RDT.
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NAVAL WEAPONS LAB DAHLGREN VA
THE BARREL LIFE TEST OF 5''/54 GUN BARREL MARK 18 MOD
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RESEARCH AND DEVELOPMENT TO IMPROVE ARTILLERY
AMMUNITION AND MATERIEL (U)

SEP 48 IV
REPT. NO. I 1858 PB
CONTRACT: W36 0340RD7663

AD- 41 855
FRANKLIN INST PHILADELPHIA PA LABS FOR RESEARCH AND
DEVELOPMENT
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REPT, NO. 1302

AD- 45 725L
ABERDEEN PROVING GROUND MD
TEST OF CARTRIDGE# A.P,. CALIBER ,30p M2 CONTAINING
BALL-TYPE PROPELLANT (U)

JUL 54 1V MCKINNEYJ.A.I
PROJ: TS1 46

AD- 46 091
PURDUE UNIV LAFAYETTE IND
SMEAR COOLING IN THE CALIBER 0.50 MACHINE GUN -

TEMPERATURES FROM PRELIMINARY FIRINGS (U)
OCT 54 IV BERGDOLTtV.E.I

AD- 46 092
PURDUE UNIV LAFAYETTE IND
THE COOLING OF CALIBER 0.50. M-2 MACHINE GUN BARRELS
EQUIPPED WITH MASS CONCENTRIC HEAT EXCHANGERS AND
BARRELS EQUIPPED FOR HIGH FLUX CONVECTIVE COOLING (U)

OCT 54 IV BROCKPJE,!

AD- 46 181
WATER POLLUTION RESEARCH BOARD WATFORD (ENGLAND)
STUDY OF EROSION PRODUCTS OF GUN BARRELS (U)

IV
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AD- 46 816L
ABERDEEN PROVING GROUND MD
EROSION AND PERFORMANCE TESTS OF CHROMIUM-PLATED
BARRELS FOR BROWNING AUTOMATIC RIFLE, CALIBER *30e
M1918A2 (U)

OCT 54 1V MARRAPRALPH Ml
PROJ: TS2 2015

AD- 46 894
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
FLUID COOLED PERMEABLE GUN BARRELS (U)

SEP 54 17P KENNEDYPH.AISILVA#JWI
CONTRACT: DA19 0590RD1312

AD- 46 895
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
FLUID COOLED PERMEABLE GUN BARRELS ('J)

JUL 54 1V KENNEDYPH*AISILVApJW,;
CONTRACT: DA19 0590RD1312

AD- 46 941
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
CONTINUATION OF RESEARCH, DESIGN AND FABRICATION OF
FLUID-COOLED PERMEABLE GUN BARRELS AND LINERS (U)

SEP 54 14P KENNEDY#HAIHALLPeRL,!
CONTRACT: DA19 0590RD1892

AD- 47 OOOL
ABERDEEN PROVING GROUND MD
A TEST OF CHROME-PLATED 20MMP M3 TUBES OVERBROACHEDe
WITH NO LAND CHAMBER BEFORE PLATING (U)

MAY 54 1V MEADEPJOHN Col
PROJ: TS3 3014

AD- 47 070
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
FLUID-COOLED PERMEABLE GUN BARRELS (U)

JUN 53 IV
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AD- 47 702
NAVAL WEAPONS LAB DAHLGREN VA LTEST FOR SPIRAL WEAR IN A NON-PLATED BARREL (U)NOV 54 IV WHITEVE.E,-

REPT. NO. 1312

AD- 47 9 88L
ABERDEEN PROVING GROUND MD
EROSION TESTS OF BORE PRE-PLATING PREPARATIONS FOR
20MM M24A1 TUBES

DEC 54 IV MEADE.JOHN Col
PROJ: TS3 3014

AD- 48 088L
ABERDEEN PROVING GROUND MD
THIRD REPORT ON THE DEVELOPMENT TESTS OF THE 90MM
GUNu T119, MATERIAL (U)

DEC 53 1V NELSONR.H.lU
PROJ: TR3 3045

AD- 49 310
NAVAL WEAPONS LAB DAHLGREN VARAPID FIRE TEST OF IRON-BANDED PROJECTILES IN THE
3,, 3 70 CALIBER GUN TYPE C MOD 6 SERIAL 24490 (U)DEC 54 1V HUNTeM.L.UBUTLERR.B.!

REPT. NO. 1316

AD- 50 511L
ABERDEEN PROVING GROUND MD
EROSION TEST OF 20MM M39 BARRELS EQUIPPED WITH FLUSHTYPE ORIFICE PLUGS (U)

OCT 54 IV DAVISoDALE Me$
PROJ: TS3 3047

AD- 51 035
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
CONTINUATION OF RESEARCH# DESIGN AND FABRICATION OF-FLUID-COOLED PERMEABLE GUN BARRELS AND LINERS ('9l

OCT 54 IV KENNEDYvH.AIHALLD.L.,
CONTRACT: OA19 0590RD1892

f 3.10-17
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AD- 51 476
MATERIALS ADVISORY BOARD (NAS-NRC) WASHINGTON~ D CRESEARCH AND DEVELOPMENT OF MATERIALS FOR GUN BARREL
INTERIOR PROTECTION (U)

DEC 54 IV
REPT. NO. 86 M
CONTRACT: DA49 025SC83

AD- 53 543L
ABERDEEN PROVING GROUND MD
A CALIBRATION TEST OF AN EROSION GAGE FOR EVALUAT!NG
PERF~ORMANCE LIFE OF LINED AND PLATED BARRELS FOR THE
CALIBER.50. M2P HEAVY BARREL MACHINE GUN (U)

MAY 53 IV MICHELSONteI.
PRO.J: TS3 3017

AD- 53 575L
ABERDEEN PROVING GROUND MD
A TEST OF REDUCED BORE DIAMETER TUBES 20MMe
M2'4A1 (U)

JAN 54 IV DAVIStD.M,;
PROJ: TS3 3014

AD- 53 885L
ABERDEEN PROVING GROUND MD
A TEST OF 20MM, M3 AND M24AI PRODUCTION TUBES WITH
VARIOUS THICKNESS OF CHROME PLATE (U)

MAY 54 IV DAVIS.DoMol
PROJ: TS3 3014

AD- 55 222
NAVAL WEAPONS LAB DAHLGREN VA
BALLISTIC QUICKNESS MUZZLE VELOCITY AS A !7,PCT13N (~r
PROPELLANT CHARGC WEIGHT AND GUN EROSION (U)

DEC 54 IV ROSSBACHER#Rolol

AD- 56 039
OLIN MATHIESON CHEMICAL CORP NEW HAVEN cnNtl
CONTINUATION OF PESEARCHo DESIGN AND FARPICATION Or
FLUID-COOLED PERM.EABLE GUN BARRELS AND Lr'JFDS

NOV 54 IV KENNEDYeH.fioHALL.@fl.L..;
CONTRACT: DA19 0590RDIS92
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AD- 57 765
ARMY ARMOR BOARD FORT KNOX KY
TEST OF CALIBER @50 BARREL EROSION GAGE (t1

MAR 55 1V BROWNPPERCY H. JR.,
REPT. NO, 1664 2

AD- 58 519
NAVAL WEAPONS LAB DAHLGREN VA
BARREL LIFE TEST OF 50'/54 CALIBER BARREL MARK 18 MOD
0 SERIAL NO. 16058 (U)

MAR 55 1V SLOAN.D.CI
REPT. NO. 1337

AD- 60 873
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
FLUID COOLED PERMEABLE GUN BARRELS (U)

DESCRIPTIVE NOTE: FINAL NARRATIVE SUMMARY REPT,
MAY 55 1V

CONTRACT: DA-19-059-ORD-1891

AD- 61 207
NATIONAL BUREAU OF STANDARDS WASHINGTON D C
STUDIES ON ELECTROPLATING TO RETARD GUN EROSION (U)

OCT 54 IV LAMBoVA.eYOUNGFJ.PI
CONTRACT: NORD02753

AD- 62 805
JOHNS HOPKINS UNIV BALTIMORE MD
THE ALTERED LAYER IN ERODED VENTS (U)

FEB 46 1V WAGNERpR.LISHAPIROpZ°M,.
REPT. NO. M A 311JHU 7C
CONTRACT: W36 0340RD4126

AD- 64 218
NAVAL WEAPONS PLANT WASHINGTON D C
METALLURGICAL. INVESTIGATION OF ''GAS WASH CRATEPS''
IN 5''/38 C." IBER GUN BARREL SER. NO. 4475 (i1)

APR 55 IV
REPT, NO. T 18 55
MONITOR: NAVWEPS 4852
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AD- 64 947
IIT RESEARCH INST CHICAGO ILL
NOZZLE EROSION# BURNING CHARACTERISTICS. COVOLUME AND
IMPETUS OF LIQUID PROPELLANTS (U)

DESCRIPTIVE NOTE: PHASE REPT. NO. 2.
MAY 55 23P

REPT. NO, PR2
CONTRACT: DAll 0220RD1157
PROJ: TS4-4020

AD- 67 236
ABERDEEN PROVING GROUND MD
EROSION TEST OF BALL-PROPELLANT-LOADED T130
CARTRIDGES IN 20MM AIRCRAFT GUN - MK 12 MOD 0 (U)

JUL 55 45P SHUSISPEDWARD C,;
REPT. NO. 46
PROJ: TS1 47

AD- b7 240L

ABERDEEN PROVING GROUND MD
A TEST OF CARTRIDGE# 20 MMv TPP M99t LOT NO. LC3-1,
WITH M36Al- TYPE PRIMERS CHARGED WITH STYPHNATE
MIXTURE 5061. (U)

APR 55 101P BENSONtR.W.;
REPT. NO. 55
PROJ: TS1 46

AD- 67 261L
ABERDEEN PROVING GROUND MD
A TEST OF CARTRIDGE. ARMOR-PIERCING-INCENDIARY, 20mm,
T21EI LOT NO. FA-X20-1963# ASSEMBLED WITH
PROJECTILES CONTAINING ZIRCONIUM INCENDIARY MIXTURE (U)

JUL 55 1V BENSONpRWol
PROJ: TSI 46

AD- 67 795L
ABERDEEN PROVING GROUND MD
A TEST OF CARTRIDGE. APITv CALIBER. 50p M20 ASSEMBLED
WITH BULLETS CHARGED WITH A ZIRCONIUM INCENDIARY
COMPOSITION (U)

MAY 55 IV BENSON.RWsIHARTUNGeJ.HIHANKINS#

PROJ: TS1 46
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AD- 67 800L
ABERDEEN PROVING GROUND MD
EROSION TEST OF SPECIAL HEAT-TREATED TUBES 20MMP
M24A1 (U)

MAY 55 1V MEADEtJOHN C.I
PROJ: TS3 3014

AD- 68 151
ABERDEEN PROVING GROUND MD
EROSION AND COOK-OFF TEST OF CARTRIDGEr 20 MMP T1ggEI
COATED WITH "'TEFLON"' (U)

JUL 55 IV HERMANPW.H.I
REPT. NO. 47
PROJ: TS1 47

AD- 70 571
ABERDEEN PROVING GROUND MD
A TEST OF THREE CALIBER .60 rlACHINE GUN BARRELS
ASSEMBLED WITH 12-INCH. SHOULDERLESS LINERS
FABRICATED FROM CHROMIUM BASE ALLOY (U)

SEP 50 1V HANKINSPA*R.I
PROJ: TS3 3039

AD- 70 572
ABERDEEN PROVING GROUND MD
A TEST OF EROSION AND PERFORMANCE CHARACTERISTICS OF
STELLITE-LINED BARRELS FOR M1919A4 AND M1919A6
CALIBER .30 MACHINE GUNS (U)

MAY 50 IV DUGGAN#W.!
PROJ: TS3 3039

AD- 70 573
ABERDEEN PROVING GnOUND MD
A TEST OF EROSION AND OTHER PERFORMANCE
CHARACTERISTICS OF CHROMIUM PLATED BARRELS FOR THE
M1919A6e CALIBER .30 MACHINE GUN (J)

SEP 50 IV HILLPJAMES S.u
PROJ: TS3 3039

AD- 70 575
ABERDEEN PROVING GROUND MD
EROSION GAGES FOR EVALUATING PERFORMANCE LIFE OF
CALIBER .30 AND 960 LINED BARRELS (U)

AUG 50 IV GUSTAFSONPGAo
PROJ: TS3 303Y
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AD- 70 576
ABERDEEN PROVING GROUND MD
AN EROSION TEST OF SPECIAL LINED CALIBER .60
BARRELS (U)

JUN 50 IV HANKINSPAsR,!
PROJ: TS3 3039

AD- 70 577
ABERDEEN PROVING GROUND MD
TEST OF CARTRIDGE# BALL# CALIBER *50p M2p ASSEMBLED
WITH NONCORROSIVL PRIMERS (U)

AUG 50 IV
PROJ: TS1 10

AD- 70 578
ABERDEEN PROVING GROUND MD
A TEST TO DETERMINE THE RELATIVE MERITS OF CALIBER
THIRTY AMMUNITION LOADED WITH BALL-TYPE POWDER AND
THAT LOADED WITH IMR POWDER (U)

DEC 50 1V DUGGANPWALTERI
PROJ: TS1 35

AD- 70 617
ABERDEEN PROVING GROUND MD
TEST TO DETERMINE EROSION AND COOK-OFF
CHARACTERISTICS OF VARIOUS CALIBER ,50 BARREL TYPES
WHEN USED IN THE M3 MACHINE GUN TO FIRE USAF COMBAT
AND TRAINING SCHEDULES, VOLUME I (U)

APf 50 IV MICHELSONPIRVIN;
PROJ: TS3 3039

AD- 70 618
ABERDEEN PROVING GROUND MD
TEST TO DETERMINE EROSION AND COOK-OFF
CHARACTERISTICS OF VARIOUS CALIBER .50 BARREL TYPES
WHEN USED IN THE M3 MACHINE GUN TO FIRE USAF COMBAT
AND TRAINING SCHEDULES. VOL II, (U)

APR 50 IV
REPT. NO. 5
PROJ: TS3 3039
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AD- 70 619
ABERDEEN PROVING GROUND MD
TEST TO DETERMINE EROSION AND COOK-OFF
CHARACTERISTICS OF VARIOUS CALIBER .50 BARREL TYPES
WHEN USED IN THE M3 MACHINE GUN TO FIRE USAF COMBAT
AND TRAINING SCHEDULES. VOLUME III (U)

* APR 50 IV MICHELSON#IRVINI
REPT, NO. 5
PROJ: TS3 3039

AD- 71 378L
ABERDEEN PROVING GROUND MD
EROSION TEST OF REDUCED-BORE CHROME-PLATED TUBES
M24AIP 20MM (U)

MAY 55 IV MEADEvJOHN C.l
PROJ: TS3 3014

AD- 71 379L
ABERDEEN PROVING GROUND MD
EROSION TEST OF REDUCED-BORE CHROME-PLATED TUBES
M2.Alt 20MM (U)

MAY 55 IV MEADEPJOHN Ce;
PROJ: TS3 3014

AD- 75 451
MATERIALS ADVISORY BOARD (NAS-NRC) WASHINGTON D C
TEMPERATURES# PRESSURES AND THERMAL STRESS
RELATIONS (U)

OCT 55 128P BENDERSKYPDIBERGDOLTPV.E,;HAWKINSv
G A.A

REPT. NO. MAB-98-M
CONTRACT: DA49 025SC83

AD- 75 860
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
A METALLURGICAL ANALYSIS OF EROSION IN STEEL
VENTS (U)

JUL 55 47P DIETERPGEORGE E.IRINKPJOHN Rol
REPT. NO. BRL-941
PROJ: ORD-TB3-0IO
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AD- 76 052
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
CONTINUATION OF RESEARCHP DESIGN AND FABRICATION OF
FLUID-COOLED PERMEABLE GUN BARRELS AND LINERS (U)

DESCRIPTIVE NOTE: MONTHLY PROGRESS REPT. NO. 12P 1-31
MAY 55.

JUN 55 liP KENNEDYtH.A.IHALLPR.L.!
CONTRACT: DAI9 0590RD1892
PROJ: TS3-3039

AD- 76 055
OLIN MATHIESON CHEMICAL CORP NEW HAVEN CONN
CONTINUATION OF RESEARCH' DESIGN AND FABRICATION OF
FLUID-COOLED PERMEABLE GUN BARRELS AND LINERS (U)

OCT 54 20P KENNEDYPHALL#R.L.U
CONTRACT: DA19 0590RD1892
PROJ: TS3-3039

AD- 81 654
CRANE CO CHICAGO ILL
BARREL LIFE IMPROVEMENT. CALIBER .50 EXPERIMENTAL WAX
PELLET LOADED AMMUNITION (U)

DEC 55 38P STERBAPD.R.U
REPT. NO. 1687-19
CONTRACT: DAll 0220RD1687
PROJ: TS3-3039

AD- 81 655
CRANE CO CHICAGO ILL
BARREL LIFE IMPROVEMENT. MOLYBDENUM LINED CALIBER .50
HEAVY BARRELS (U)

JAN 55 IV STERBAPD.R.!
CONTRACT: DAll 0220RD1687

AD- 87 167

RENSSELAER POLYTECHNIC INST TROY N Y
STUCY OF EROSION PRODUCTS OF GUN BARRELS (U)

I

AD- 89 388L
ABERDEEN PROVING GROUND MD

EROSION AND PERFORMANCE TESTS OF CALIBER .50P M3 ACP
MACHINE GUN BARRELS# D7265156 (U)

AUG 55 IV MICHELSON.IRVINI
PROJ: TS3 3039
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AD- 91 389
NAVAL WEAPONS LAB DAHLGREN VA
BARREL LIFE TEST OF 39'/50 CALIBER BARREL MK 22 MOD 9
SERIAL NO* 29577 (U)

DESCRIPTIVE NOTE: PARTIAL REPT. NO. 23 (FINAL)v
APR 56 48P DUCHPJoWoI

REPT. NO* 1450

AD- 92 373
NAVAL WEAPONS LAB DAHLGREN VA
AN INVESTIGATION OF COPPERING IN 5''/38 CALIBER GUN
BARRELS (U)

APR 56 1v ROSSBACHERR°I.UTUBMANvB.OD;
REPT. NO. 1456

AD- 93 314
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
GROOVE MARKING TRIALS IN O.Q.F. 17 PR (U)

FEB 56 12P HILLSONPS.P.;
REPT. NO. P-1/56

AD- 95 358
CATHOLIC UNIV OF AMERICA WASHINGTON D C
EROSION STUDY OF 20MM. MKo 12 AIRCRAFT MACHINE
GUN (U)

AUG 55 120P BRENNANtJAMES G&IAUSTINPTHEODORE Dj
PYEATTPSUSAN$

REPT, NO* CU F 55 7
CONTRACT: NORDI0260

AD- 95 359 11/6 19/6
CATHOLIC UNIV OF AMERICA WASHINGTON D C
EROSION AND CORROSION OF METALS (U)

DESCRIPTIVE NOTE: FINAL REPT. 21 DEC 55
DEC 55 lip CASTELLAMPG.W.ISULLIVANPJAMES To

JRo1BARCLAYeJAMES A*$
REPT. NO. CU/F/55.8
CONTRACT: NORD-10260

3.10-25



AD- 99 595
NAVAL PROVING GROUND DAHLGREN VA
RECOVERY FIRING TESTS OF 39'/70 AA PROJECTILES FOR
THE STUDY OF PROJECTILE BODY ENGRAVING, CASE#
ATTACHMENT, BODY RELIEF# AND BULLET PULL EFFECTS (U)

DESCRIPTIVE NOTE: PARTIAL REPT.,
MAY 56 IV BUTLER,R.B.;DE GAETANOFELIX P.;

REPT. NO. 1464

AD- 99 769L
ABERDEEN PROVING GROUND MD
PERFORMANCE TESTS OF CALIBER 950p M3, AC, LINED AND
PLATED MACHINE GUN BARRELS D7265156 AND CARTRIDGE#
BALL# CALIBER .50p M2, RELATED TO DAMAGE TO JET
ENGINES (U)

MAR 56 1V HARTUNG.CALVIN C.o
PROJ: TSI 46

AD-102 044L

ABERDEEN PROVING GROUND MD
EROSION TEST OF ROCK ISLAND HCD PLATE TUBES. 20MMP
M24A1 (U)

MAR 55 IV MEADEPJOHN C.;
PROJ: TS3 3014

AD-102 069
NAVAL WEAPONS LAB DAHLGREN VA
BARREL LIFE TESTS WITH NACO (NAVY COOL) PROPELLANTS
OF 3''/50 CALIBER BARRELS MK 22 MOD 9 SERIAL NOS.
29533 AND 29561 (U)

JUL 56 1V DUCHJe.W.!
REPT, NO* 1479

AD-103 558
NAVAL WEAPONS LAB DAHLGREN VA
OPTIMAL DESIGN OF GUN BORE PLUG EROSION GAUGES
II (U)

JUL 56 IV ROSSBACHERPRI#I
REPT, NO, 1478
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AD-103 710L
ABERDEEN PROVING GROUND MD
A TEST TO DETERMINE COMPARATIVE EROSION
CHARACTERISTICS OF FOUR LOTS OF CARTRIDGE. AP,
CALIBER .30 M2 (U)

SNOV 55 1V BENSONPR.W.1
PROJ: TS1 46

AD-10I 620L
ABERDEEN PROVING GROUND MD
COMPARATIVE EROSION CHARACTERISTICS OF EXPERIMENTAL
PROPELLANTS FOR CALIBER .50 AMMUNITION (U)

MAR 56 1V SIEWERTPJ.R.!
PROJ: TS1 46

AD-104 697L
ABERDEEN PROVING GROUND MD
CALIBRATION OF GAGEP BARREL EROSIONP 20MM. T23 FOR
GUNS M39 AND T171 (U)

JAN 56 132P EHRHARDTPRUSSELL;DAVIS#D.M.1
REPT. NO. 21
PROJ: TS3 3047

AD-104 874
ABERDEEN PROVING GROUND MD
S APECIAL TEST OF 20MMP M24AI CHROMEPLATED TUBES
RECEIVED FROM WATERVLIET ARSENAL (U)

AUG 55 IV MEADEPJOHN C.;
PROJ: TS3 3014

AD-106 721L
ABERDEEN PROVING GROUND MD
EROSION STUDY OF TUBE. 120MMP MIA3E1 (U)

MAY 55 IV KELLERPJAMES W.e
PROJ: TRI 1031H
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AD-107 252L
ABERDEEN PROVING GROUND MD
A TEST OF EROSION AND PERFORMANCE CHARACTERISTICS OF
NITRIDED AND CHROMIUM-PLATED BARRELS FOR THE CALIBER
*30. M1919A4v MACHINE GUNt EMPLOYING CARTRIDGESP APP
CALIBER .30F M2 ASSEMBLED WITH BALL AND IMR
PROPELLANTS (U)

JAN 56 IV MICHELSONPIRVIN;
PROJ: TS2 2023

AD-108 521L
ABERDEEN PROVING GROUND MD
TEST OF BARREL EROSION GAGE FOR GUN. 75MM. T83E7 (U)

MAY 56 29P HEINSHOHNPWILLIAM 8.1
PROJ: ORD-TRI-1301

AD-08 847
CATHOLIC UNIV OF AMERICA WASHINGTON D C
HEATING AND EROSION STUDIES IN GUNS (U)

DESCRIPTIVE NOTE: FINAL REPT. ON TASK 3.
FEB 56 120P BOYDtMARJORIE1DOOLINGvJ.S.I

REPTo NO. CU/F/56ol
CONTRACT: NORD10260

AD-109 013L
ABERDEEN PROVING GROUND MD
DETERMINATION OF EROSION CHARACTERISTICS OF IMR AND
BALL-TYPE PROPELLANTS AFTER STORAGE AT ELEVATED
TEMPERATURE (U)

AUG 56 lV HARTUNG#Jol
PROJ: TSI 46

AD-111 881
DETROIT CONTROLS CORP REDWOOD CITY CALIF
LIQUID PROPELLANT GUN SYSTEMS. TASK I. BIPROPELLANT
AND MONOPROPELLANT GUN SYSTEMS. TASK II. HEAT
TRANSFER IN LIQUID PROPELLANT GUNS (U)

DESCRIPTIVE NOTE: COMBINED MONTHLY PROGRESS REPT. NO. 32.
APR 56 liP BROXHOLMPT.M.IELMOREPL.C.;GIEDTP

WoHo!

REPT. NO. RC-194
CONTRACT: NORD16217
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AD-112 005
NAVAL WEAPONS LAB DAHLGREN VA
BARREL LIFE TEST OF 5ft/54 CALIBER BARREL TYPE J MOD
0 NO. 16232 (U)

DESCRIPTIVE NOTE: FINAL REPT.,
OCT 56 IV THOMPSONpJ.A.!

REPT. NO. 1501

AD-112 601
lIT RESEARCH INST CHICAGO ILL
RESEARCH STUDY ON INTERIOR BALLISTIC DESIGN OF
RECOILLESS RIFLES (U)

DESCRIPTIVE NOTE: MONTHLY PROGRESS REPT. NO. loP
NOV 56 6P GEISLERPWo!

CONTRACT: DAI1 0220RD2045
PROJ: TS4-4020

AD-112 683
FRANKFORD ARSENAL PHILADELPHIA PA PITMAN-DUNN RESEARCH
LABS
EFFECT OF PROPELLANT FLAME TEMPERATURE UPON BARREL
EROSION (U)

IV LEVYpMoE.tSILVERSTEIN#M'S.I

AD-114 818
ABERDEEN PROVING GROUND MD
A TEST OF 20MMe M-39 BARRELS WITH SIX EXPERIMENTAL
RIFLING CONFIGURATIONS (U)

DESCRIPTIVE NOTE: REPT. NO. 39,
OCT 56 IV FISHER#ROBERTF

REPT. NO, 39
PROJ: TS3 3047

AD-116 315
WATERTOWN ARSENAL LABS MASS
PERFORMANCE OF CALIBRE .604 CHROMIUM-IRON INSERTS TN
EROSION GAGE WEAPON (u)

AUG 56 42P DUFFYPWILLIAM Hol
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AD-120 870L

ABERDEEN PROVING GROUND MD
EROSION TEST OF EXPERIMENTAL 75MM T83 TUBES, WITH
VARIABLE TWIST RIFLING (U)

NOV 56 IV HENISOHN#WB,;FIELDSPMC,
PROJ: TRi 1020

AD-121 119
ABERDEEN PROVING GROUND MD
A TEST OF THE COOK-OFF AND EROSION CHARACTERISTICS OF
CARTRIDGE, TPP 20MM T199EIP LOADED WITH BALL
PROPELLANT (WCX-47). WHEN FIRED IN THE M-39 GUNt AND
A TEST OF THE COOK-OFF CHARACTERISTICS OF FUZEP M-
505. AND PROJECTILE. T-282Elp RESPECTIVELY WHEN
ASSEMBLED TO OTHERWISE INERT CARTRIDGE (U)

OCT 56 244P FISHERPROBERTI
REPT. NO. 55
PROJ: TS1 47

AD-122 070
ABERDEEN PROVING GROUND MD
EROSION STUDY OF TUBE; 105MMt T140 SERIES USING
VARIOUS MODIFIED SHOT# TP-Tv T79E1 (U)

JAN 57 1V CAROTHERSHEM,
REPT, NO. 2
PROJ: TAI 1503

AD-123 655L
ABERDEEN PROVING GROUND MD
EROSION TEST OF 20MM T160E3 AND T160E4 (M39) REDUCED
BORE, NITRIDEDP AND SPECIAL CHROMEPLATED BARRELS (U)

FEB 57 1V DOILNEYtS,
PROJ: TS3 3047

AD-123 656L
ABERDEEN PROVING GROUND MD
A TEST OF NITRID BARRELS FOR GUN. MACHINE,
CALIBER..30e M1919A4 (,)

"NOV 56 29P LINDLEYPR O. o JRI

PQOJ: ORD-TS3-3039
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AD-125 369
WATERTOWN ADSENAL LABS MASS
TESTING 3= CHROMIUM-IRON Al.LOY BORF PLATF IN cA
CALIeER EPOSION GAGE WEAPON INSERTS (U)

DESCRIPTIVE NOTE: PROGRESS REPT.,
NOV 56 Iv DUFFYPWILLIAM H, LEVYCHARLFS;

REPT. NO. TR731 405 C
PROJ: TR3 3003

AD-128 6PB
',IAVAL WEAPONS LAB DAHLGREN VA

LIFE TEST WITH NACO (NAVY COOL) PROPELLANT OF 5''/54
CALIBEP BARREL MK 18 MOD 0 SERIAL NO.

APR 57 IV DUCHPJ.W.;
REPT. NJO. 1532

AD-132 514
FRANKFORD ARSENAL PHILADELPHIA PA
BARREL EROSION TESTS OF EXPERIMENTAL PROPELLANTS FOR
CALIBER .50 AMMUNITION (U)

FEB 57 13P CRANEPBENTLY Aol
REPT. NO. FA-MEMO-1734
PROJ: ORD-TBl-46

AD-134 840
SPRINGFIELD ARMORY MASS
INVESTIGATION CONCERNING THE EROSION AND ACCURACY
LIFE OF TWO BARREL BLANKS@ ALUMINUM. CALIBER .30. MI(U)

IV PASTOREpMoW,!

AD-135 307
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
EXPERIMENTS ON THE EROSION OF STEEL BY PROPELLANT
GASES USING THE VENT TECHNIQUE (U)

MAR 57 46P JONESeRN, WEINERPEoRol
REPT, NO. BRL-1012
PROJ: ORD-TB3-0110
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AD-137 444
NAVAL WEAPONS LAB DAHLGREN VA
EVALUATION OF THE BARREL EROSION GAUGE T-23 FOR 20MM
MK 11 BARRELS (U)

DESCRIPTIVE NOTE: FINAL REPT..
JUL 57 IV QUILLINPRH,l

REPT. NO, NPG-1547

AD-142 380
ABERDEEN PROVING GROUND MD
PERFORMANCE TEST OF CAL ,50 GUN BARRELS (U)

NOV 57 iV SMITHoRoW,|
MONITOR: AFAC TR57 116 00000000057 116 o00000000

AD-142 703
YALE UNIV NEW HAVEN CONN LABS OF PHARMACOLOGY AND
TOXICOLOGY
RESEARCH AND DEVELOPMENT TO IMPROVE ARTILLERY
AMMUNITION AND MATERIEL (U)

APR 52 1V CLARKE."-.G. JRoIMORSELL#WILLIAM M.I
CONTRACT: DA36 0340RD690

AD-143 959
SPRINGFIELD ARMORY MASS
POST-FIRING EXAMINATION OF FOUR NITRIDED BARRELSP
LIGHT MACHINE GUN. CALIBER *30v M1919A4 (U)

IV PASTOREPMW,!

AD-144 104
NAVAL WEAPONS PLANT WASHINGTON D C
RESULTS OF FIRING TEST OF 40MM GUN TYPE A MOD NO. 7
CONTAINING EROSION RESISTANT LINER CM 370 (U)

AUG 49 1V JUERGENSPJOHN Go$LURIE#WILLIAMI
REPT. NO. T 15 49 A

AD-144 334
ABERDEEN PROVING GROUND MD
DEVELOPMENT OF MODIFIED TP SHOT# T147E3 'OR 120MM
GUN# T123 (U)

SEP 57 IV PETERSJ.DI
PROJ: TAI 1503

3,10-32



AD-144 970
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
EROSION -N VENT PLUGS (U)

JAN 45 71P WIEGAND#JAMES He;
REPT, NO. BRL-520

AD-146 928
AIR PROVING GROUND CENTER EGLIN AFB FLA
CALIBRATION OF M1O BARREL WEAR GAUGE WITH M61
GUN (U)

IV PARK#EGU
MONITOR: AFPGC TR58 44 000000000

AD-149 316
ABERDEEN PROVING GROUND MD
THE EFFECT OF WEAR AND TEMPERATURE ON VELOCITY
CHARACTERISTICS OF PROJECTILES FIRED FROM
UNCONDITIONED 105MM AND 155MM HOWITZERS AND 155MM
GUNS AND THE EFFECTIVENESS OF THE DECOPPERING AGENT
USED IN THE 105MM HOWITZER (U)

NOV 57 IV MAISELPH,d
PROJ: TR3 3017 50

AD-153 641
ROCK ISLAND ARSENAL ILL

IV

AD-1b5 152
LAKE CITY ARSENAL INDEPENDENCE MO
EVALUATION OF SWISS 20MM OERLIKON PROJECTILES (U)

OCT 57 IV HAGENBUCHvLM,!
REPT. NO, 57 4
PROJ: OAC 56 185

AD-155 201
ABERDEEN PROVING GROUND MD
EROSION TEST OF EXPERIMENTAL 75MM T83 SERIES TUBES,
WITH VARIABLE TWIST RIFLING (U)

"AUG 57 IV BLACKKETTER#DENNIS 0.9
PROJ: TRI 1020C

3

3.10-33
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AD-159 713
NATIONAL BUREAU OF STANDARDS WASHINGTON 0 C
EXPERIMENTAL PLATING OF GUN BORES TO PREVENT
EROSION (U)

MAR 58 IV LAMBPVERNON A,1YOUNGtJOHN P.;
REPT. NO, 5797

AD-159 806
ABERDEEN PROVING GROUND MD
EROSION TEST OF M39 GUN BARRELS CHROMEPLATED BY CODE
A t CODE B #AND NATIONAL BUREAU OF STANDARDS
PRODUCTION ENGINEERING (U)

MAR 58 IV FISHERvR.,
REPT. NO. MR269

AD-159 807
ABERDEEN PROVING GROUND MD
AN EROSION TEST OF PRODUCTION AND SPECIAL BARRELS FOR
THE GUN# AUTOMATIC' 20MM, M39 (U)

APR 58 1V FISHERpR.1
PROJ: TS3 3047

AD-159 808
ABERDEEN PROVING GROUND MD
AN EROSION TEST OF TWO SETS OF M39 GUN BARRELS WITH
SPECIAL RIFLINGCONFIGURATIONS AS SUGGESTED BY THE
NATIONAL BUREAU OF STANDARDS (U)

MAY 58 IV HARTUNGpCC.I
PROJ: TS3 3047

AD-159 817
ABERDEEN PROVING GROUND MD
A TEST OF THREE GROUPS OF M39 BARRELS PLATED BY THE
NATIONAL BUREAUOF STANDARDS# CONTAINING: MUZZLE CHOKE
TO .010-INCHI PLATING BY A SPECIALHIGH-SPEED CHROME
PROCESS; AND INCREASED THICKNESS OF CHROME PLATING TO
AMAXIMUM OF .017-INCHP RESPECTIVELY# AND
INCORPORATING AN INTEGRAL PLATED GAS PORT (U)

MAR 58 IV FARIS#Rot
PROJ: TS3 3047

1,10-34



AD-206 931
ABERDEEN PROVING GROUND MD
DEVELOPMENT OF AN OBTURATOR DEVICE FOR 120-MM AP-T
AND TP-T SHOT (U)

OCT 58 IV DEMPSEY#Rol
REPT. NO, MR280

AD-211 483
ABERDEEN PROVING GROUND MD
EROSION TEST OF MODIFIED 90-MMt GUN TUBE. M1A3# NO.
20135 (U)

FEB 59 IV GRAVESPH.C.I
PROJ: OAC 1 58

AD-211 541
WATER POLLUTION RESEARCH BOARD WATFORD (ENGLAND)
GUN EROSION. DEVELOPMENT OF STANDARDIZED EROSICN
TESTS ('I)

NOV 43 IV KOSTINGPPETER R.,
REPT. NO. 731 72

AD-211 633
ABERDEEN PROVING GROUND MD
TEST OF GUN TUBEP 76-MM# M32 NO. 31757P WITH NARROW
LANDSP (U)

MAR 59 IV GRAVESPHARRY Co;
REPI. NO. DPS TR 201 1
PROJ: TR 201

AD-219 673
ABCRDEEN PROVING GROUND MD
EROSION AND PERFORMANCE OF 20-MMP M61 GUN BARRELSt
STANDARD AND CHROME-PLATED TYPES (U)

JUL 59 1V PATTONvMERLE G.o
PROJ: TS3 3034

AD-221 585
OFFICE OF SCIENTIFIC RESEARCH AND DEVELOPMENT WASHINGTON D
C

SEP 46 1V
REPT. NO. D0 NDRC Vl

3.1C-35



AD-222 047
NAVAL WEAPONS LAB DAHLGREN VA
BALLISTIC TEST OF EROSION-RESISTANT LINER# 40MM GUN
BARRELP TYPE A MOD. 2 NO. 4 MOLYBDENUM LINED
)WESTINGHOUSE BL186( (U)

1V HFRNDONtGW,!

AD-223 993

NAVAL WEAPONS LAB DAHLGPRN VA
IV

AD-224 605
BATTELLE MEMORIAL INST COLUMBUS OHIO

IV

AD-224 60b
BATTELLE MEMORIAL INST COLUMBUS OHIO

1v

AD-224 607
BATTELLE MEMORIAL INST COLUMBUS OHIO

iv

AD-224 772
PITTSBURGH UNIV PA

iv

AD-R27 125

ABERDEEN PROVING GROUND MD
SERVICE LgIFE OF 76-MM GUN TUBE# M32 (T9lE3) (U)

OCT 51 IV RIELRHl
PROJ: TW 41.7

AD'-229 289
ABERDEEN PROVING GROUND MO
A TEST OF CARTRIDGE. BALL. 7,e2-MM# M8OEXPERIMENTAL

WITH BULLET SIT-94 (U)

DEC 59 IV HANELOS,!
PROJ: OAC-I/59

3.10-36



AD-229 940
SPRINGFIELD ARMORY MASS
COMPARATIVE EVALUATION OF CHROMIUM PLATED M14 RIFLE
BARRELS FABRICATED FROM CHROME-MOLY-VANADIUM STEEL
AND ORD 4150 RESULPHURIZED STEELt MIL-S-11595 (ORD) (U)

IV JONESPTPIKOETSCHPE.F,;

AD-230 013
WATER POLLUTION RESEARCH BOARD WATFORD (ENGLAND)
IN-BORE HEATING OF PROJECTILE FINS (U)

DEC 59 1V TRAVERSEPHUGO A.MCDONOUGHoJOHN P.i
REPT. NO. TR171 1 2
PROJ: TW 418

AD-231 266
FRANKFORD ARSENAL PHILADELPHIA PA PITMAN-DUNN RESEARCH

LABS
BARREL EROSION TESTS OF PROPELLANTS FOR CALIBER .30

AMMUNITION (U)
1V NARDIA,Vl

AD-236 852
NATIONAL BUREAU OF STANDARDS WASHINGTON D C

1V YOUNGPJOHN Pei

AU-243 922
ABERDEEN PROVING GROUND MD
ENGINEERING EVALUATION OF COLD-WORKED TUBESP 90-MMP
M41 (MODIFIED) (U)

OCT 60 1V PERRINEPR.Ho;
REPTo NO. DPS OTA 61

AD-2b2 950
ABERDEEN PROVING GROUND MD
TEST OF GUN TUBE. 76-MM. ,.32, NO. 31757. WITH NARROW
LANDS (U)

MAR 61 1V RAUSCHERPHARRY H.;
REPT. NO. DPS 170

3.10-37



AD-253 734
ABERDEEN PROVING GROUND MD
SERVICE LIFE OF 120-MM GUN TUBE. M58 (T123E1) (U)

APR 61 IV DOLTONvT.A.!
REPT, NO. OPS 175

AD-255 213
ABERDEEN PROVING GROUND MD
BORE-EROSION STUDY OF TWO EXPERIMENTAL AND ONE
STANDARD 120-MMP M5 GUN TUBES (U)

APR 61 1V DOLTONPT.A,3
REPT. NO. DPS 198

AD-258 330
ABERDEEN PROVING GROUND MD
EFFECT OF TUBE WEAR ON RuUNO TO ROUND DISPERS!O TN
90-MM TUBES# M41e WITH SHELLP HEAT# T300E55v (U)

JUN 61 IV DOLTONtTo A. I
REPT. NO. DPS-226

AD-266 43.,
WATER POLLUTION RESEARCH BOARD WATFORD (ENGLAND)
METALLURGICAL EXAMINATION OF 20MM M61 MACHINE GUN
BARRELS AFTER TEST FIRING AT LOW TEMPERATURES (U)

NOV 61 1V INGRAHAMFJOHN Mal
REPT, NO, TR739 3 1

AD-268 996
ABERDEEN PROVING GROUND MD
THERMAL STUDIES OF 81-MM TITANIUM MORTAR BARREL (U)

DEC 61 IV POUGHKEEPSIEPF*B,.
REPT, NO. DPS 405

AD-269 058
LAKE CITY ARSENAL INDEPENDENCE MO
STUDY OF THE WELDED ROTATING BAND FOR 20MM AIRCRAFT
AMMUNITION (U)

AUG 61 IV LITTLEFORDPFRANK W0I
REPT. NO. IED R 61 13

3.10-38
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AD-271 882
ABERDEEN PROVING GROUND MD
STANDARDIZATION OF PROPELLANT. MP# Ml WITH SHELL#
HEP-Te M393 FOR 105-MM GIUNS# M68 (US) AND L7AI (UK) (U)

FEB 62 1V RIEDENW-Jo-
REPT_ NO. DPS 452

AD-300 163
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
THE ASSESSMENT OF FLAKING OF CHROMIUM IN PLATED 3
INCH MK No 1 BARRELS AFTER PROOF INCLUDING
RECOMMENDATIONS ON AN ACCEPTANCE SPECIFICATION (U)

MAY 58 14P SPENCER-TIMMS)E.SNDLENNETTUB(O.I
REPT. NO. MX-35/58

AD-300 166
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT t
HALSTEAD (ENGLAND)
THE PROBABLE EFFECT OF DECOPPERING ALLOYS ON THE
CRACKING OF GUN BARRELSA PART Is THE DETECTION AND
ANALYSIS OF TIN AND LEAD DEPOSITS IN CRACKS IN GUN
BARRELS. PART 119 METALLURIGICAL EVIDENCE F~ROM GUN
BARRELS AND FROM SIMULATED TESTS (U)

MAY 58 PV COCKETTMGEH SBBARONNHsG ,O
REPT. NO. MX-9/58

ADr-302 295
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
ORDNANCE, QoF, 3-INCH MK. NIl (3-INCH 70 CAL.)
DEVELOPMENT FIRINGS OF BARREL BE386 USING STEEL
CARTRIDGE CASES (U)

AUG 58 ~4P KNAPMANPL*J.;
REPT. NO, P-51/58

AD-319 339
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
EXAMINATION OF LINEAR FROM AN AMERICAN 3't/709MK926
MOD*0 WATER COOLED GUN. BARREL NO. 26748 (U)

SEP 60 IV MORRIStJ.1
REPT. NO. MX-48/60

3.10-39



AD-.454 027
R0YA!. ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
EXAMINATION OF LINER STEELS FROM THREE 3-INCH MIKu N.
1 GUN BARRELS AND THE EFFECTS OF FIRING TRIALS UPON
THE LINERS. (U)

NOV 63 20P MORRISPJ.5
REPTi NO. M-M-32-63

AD-348 022 19/6
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT FORT
HALSTEAD (ENGLAND)
FINAL TRIALS OF NSMEARS AMMUNITION IN THE -IFC 3-INCH
MK Nli GUN (U)

JAN 64 14P REES-JONESP. E__
MONITOR: RARDE M3 6M4

AD-3'49 893L
ABERDEEN PROVING GROUND MD
INITIAL PRODUCTION TEST OF PROJECTILEO HE& TNT, WITH
IMICRO-CEL-Ep 175-MM. M'437Elt WITH FUZEo PD. XM572e
AND CHARGE. PROPELLING. 175-MM M66 iU)

APR 614 IV REICHEDONALD Go.
PROJ: 2 3 00141 01C
"MONITOR: APG DPS 1283

AD-365 872
DETROIT CONTROLS CORP REDWOOD CITY CALIF
SUMMARY OF (.URRENT WORK IN THE FIELD OF LIQUID
PROPELLANT GUNS AND HIGH ELOCITY PLROJECTILES* (U)

DEC 5L& 2lP
REPT. NO. M-10

AD-1406 997L
ABERDEEN PROVING GROUND MD
COMPONENT TESTS OF CARTRIDGE# 105-MMP HEAT-
MR456- WITH TITANIUM DIOXIDE ADDITIVEP TO
DETERMINE GUN TUBE WEAR CHARACTERISTICSP (U)

JUN 63 68P GREPPS#P*Rsl
MONITOR: APG DPS978

3.l10-4o-



AD-407 795
SPRINGFIELD ARMORY MASS
PRODUCTION HARD-CHROMIUM-PLATING OF THE M14 RIFLE
BARREL, (J)

JAN 63 liP GIRARDvR.J.IKOETSCHE.F.I
PROJ: DA502 08 006

SMONITOR: SA TR18 1082

AD-413 160L
ABERDEEN PROVING GROUND MD
COMPONENT DEVELOPMENT TESTS OF CATRIDGE, 105-MMP
APDS-Tt M392 SERIES WITH TITANIUM DIOXIDE ADDI
TIVEP TO DETERMINE GUN TUBE WEAR
CHARACTERISTICS. (U)

AUG 63 74P
PROJ: DA PROJ, 504 03 089
MONITOR: APG DPS1005

AD-413 951
AIR PROVING GROUND CENTER EGLIN AFB FLA
MEMORANDUM ON MUZZLE VELOCITY OF THE 20MM M56A2
AND M55A2 ROUNDS AS A FUNCTION OF TEMPERATURE OF
PROPELLANT AND OF BARREL WEAR. (U)

AUG 63 26P GARRETTtGREER S.;
PROJ: 5845
MONITOR: APGC TDR63 48

AD-416 237
PICATINNY ARSENAL DOVER N 4 AMMUNITION ENGINEERING
DIRECTORATE
REDUCTION OF GUN EROSION. PART II. BARREL WEAR-
REOUCIN ADDITIVE. (U)

AUG 63 88P WOLFFROBERT O.a
MONITOR: AED TR3096

AD-443 079L
ABERDEEN PROVING GROUND MD
ENGINEER DESIGN TEST OF TWO 90-MM RECOILLESS RIFLES#,
M67, EQUIPPED WITH FIBER GLASS TUBES. (U)

DESCRIPTIVE NOTE: FINAL REPT..
IV CHEATERHARVEY We I

PROJ: 8 3 4000 14F
MONITOR: APG DPS1383

3.10-41



AD-4bl 179
FRANKFORD ARSENAL PHILADELPHIA PA
SOLID PROPELLANTS FOR SAMLL ARMS AMMUNITION. A REVIEW
AND RECOMMENDED RESEARCHo (U)

SEP 64 46P LEVYrM. E. I
REPT. NO. R1733
PROJ: DA-1W523801A293
TASK: 1W523801A29312

AD-456 161
SPRINGFIELD ARMORY MASS
UTILIZATION OF OCCLUDED DIAMONDS IN CHROMIUM PLATE ON
THE SPIW STRIPPER# (U)

DEC 64 13P HASSIONPFRANCIS X. ISZANTO,
JOSEPH I

REPTo NO, TRI8 1087
PROJ: MI. 3 23043 01MIM6

AD-460 512
NAVAL PROPELLANT PLANT INDIAN HEAD MD
FEASIBILITY STUDY OF THE USE OF A BAIUREL WEARREDUCING
ADDITIVE IN NAVY GUNS. (U)

DESCRIPTIVE NOTE: TECHNICAL MEMO.,
JAN 65 17P TEMCHXNtJ, R* I

REPT. NO. TM-223
TASK: RMMP22004 286 IF009 06 01

AD-462 866
GENERAL ELECTRIC CO BURLINGTON VT MISSILE AND ARMAMENT
DEPT
XM-134 MINIGUN. PERFORMANCE EVALUATION PROGRAM.
VOLUME II. DETAILED ANALYSIS. (U)

DESCRIPTIVE NOTE: ENDURANCE TEST REPT.
MAR 65 IV

REPT. NO. 65APB7-2
CONTRACT: nA19 020AMCOO41OY

3.10-42] I I



AD-463 363L
DEVELOPMENT AND PROOF SERVICES ABERDEEN PROVING GROUND
MD
PRODUCT IMPROVEMENT TEST OF HOWITZERP 155-MMF T255E3
(M126) (RANGE DISPERSION TEST OF TUBES, NO. 16770 AND
16771), (U)

DESCRIPTIVE NOTE: FINAL REPT.,
MAY 65 45P FLETCHERtD. H.

REPT, NO, DPS-1676
PROJ: 2 3 0068 15F

AD-471 432
ABERDEEN PROVING GROUND MD
TEST OF THE ACCURACY LIFE OF THE 155 MM GUNP MIAlElp
NO, 3052. (U)

DESCRIPTIVE NOTE: REPT. NO. 1. REPT. NO. 31 ON
ORDNANCE PROGRAM NO* 5084.

JUL 44 1V
REPT. NO, OP-5084-31-VOL-2
PROJ: 3993

AD-477 317 19/6
NAVAL WEAPONS PLANT WASHINGTON D C
RESULTS OF EXAMINATION OF 3 IN./50 CALIBER GUN TYPE
J. MOD Op SERIAL NO. 24496P CONTAINING EROSION
RESISTANT LINER BL-337. (U)

CESCRIPTIVE NOTE: TECHNICAL REPT..
NOV 51 42P JURGENS #JOHN G. ILURIE#

WILLIAM ;
REPT. NO NGF-T-30-51
MONITOR: NAVORD 1633

AD-480 086L 19/6 19/3
DEVELOPMENT AND PROOF SERVICES ABERDEEN PROVING GROUND
MD
ENGINEERING TEST OF 152-MM GUN-LAUNCHER# XMSEI2P AND
RECOIL MECHANISM# XM551 (LIFE TEST). (U)

DESCRIPTIVE NOTE: PARTIAL REPT. NO. 2p 23 SEP-I DEC
65v

FEB 66 69P GROAKeG. S. #JR.I
REPT. NO, DPS-1913
PROJ: RDT/E-IX57919D334 #USATECOM-1-4-2521-03

3.10-43



AD-480 424L. 19/6
DEVELOPMENT AND PROOF SERVICES ABERDEEN PROVING GROUND
MO
ENGINEERING TEST OF GUN* 175-MMP M113t USING WEAR
ADDITIVE (FIRED WITH CHARGE. PROPELLINGP 175-MMP
M86AI) (SAFETY RELEASE AND VELOCITY COMPARISON). (U)

DESCRIPTIVE NOTE: PARTIAL REPT. 16-29 DEC 65p
MAR 66 54P SINEPS. S. I

REPT. NO. DPS-1954
PROJ: USATECOM-2-3-0099-07

AD-481 702L 1q/6
DEVELOPMENT AND PROOF SERVICES ABERDEEN PROVING GROUND
MD
PRODUCT IMPROVEMENT TEST OF CHARGE. PROPELLINGP
M86El FOR 175-MM (EVALUATION OF SWEDISH ADDITIVE IN
REDUCING 175-MM GUN TUBE EROSION). (U)

DESCRIPTIVE NOTE: FINAL REPT. APR 64-FEB 66,
APR 66 43P HARRISvJOHN W, I

REPT. NO. DPS-1993
PROJ: USATECOM-2-3-0041-19

AD-483 309 19/6
SPRINGFIELD ARMORY MASS
BARREL EROSION STUDY OF RIFLES. 5,56MMt M16 AND
XM16E1 - A JOINT ARMY-AIR FORCE TEST. (U)

DESCRIPTIVE NOTE: TECHNICAL REPT..
JAN 66 236P LANDRY tP9 Re lNILSSONpCo E.

I

REPT. NO. SA-TRI1-5000

AD-489 434L 19/6
ARMY GENERAL EQUIPMENT TEST ACTIVITY FORT LEE VA
ENGINEERING TEST OF CARRIER. COMBINATION TOOL AND
CLEANING MATERIAL FOR RIFLE, 7,62MMP M14E2o (U)

DESCRIPTIVE NOTE: FINAL TEST REPT. 4 APR-i AUG 66t
AUG 66 32P LAUGHLINsROeERT C. I

PROJ: USATECOM-8-6-640O0-03

3,1 O-41



AD-493 520 19/6
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MDTHE COOLING OF GUNS A (U)

APR 39 20P LANEPJ, Re

REPT. NO. BRL-146

AD-493 692 19/6
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MO
EFFECT OF EROSION OF 40MM BOFORS GUNS ON YAW ORDNANCE
PROGRAM NO. 5444. (U)

DESCRIPTIVE NOTE: MEMORANDUM REPT,.
MAY 42 liP HITCHCOCK#H. P, I

REPT. NO. 8RL-MR-47

AD-494 204 19/4 19/1 14/5
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
FLASH RADIOGRAPHS OF 105MM CANISTER T-1B8 (U)

DESCRIPTIVE NOTE: MEMORANDUM REPT,
SEP 44 27P CLARKvJ. C.

REPT, NO. BRL-MR-320
PROJ: ORD-4559

AD-494 656 19/6
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUNn MD
THE APPLICATION OF EROSION IN VENT PLUGS TO
RECOILLESS GUNS. (U)

DESCRIPTIVE NOTE: MEMORANDUM REPT,
JAN 45 13P WEIGANDpJAMES H. I

REPT, NO. BRL-MR-340
PROJ: ORD-4587

A'1-49 -1,2 19/6
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
TEST OF 37MM CHROME-PLATED TUBES. (U)

DESCrIPTIVE NOTE: MEMORANDUM REPT.
JUNJ 45 27P LANE@J, Re I

REPT. 4, BRL-'"R-38U
PROJ: ORD-4559

3.IO-4S



AD-4 9 4 996L 1g/6
WATERTOWN ARSENAL LABS MASS
THE EROSION OF 37-MM. MlA2 GUN TUBES,
INCLUDING THE EFFECT OF PROPELLENT POWDERS
FNH-M1 AND FNH-M2 AND OF BAND
DIAMETER. (U)

DESCRIPTIVE NOTE: EXPERIMENTAL REPT.,
AU)G 44 48P KOSTINGvPETER R. I

REPT. NO. WAL-731/115

AD-b09 672
WATERTOWN ARSENAL LABS MASS
RESEARCH AND DEVELOPMENT OF MATERIALS FOR GUNS AT
WATERTOWN ARSENAL LABORATORIES. IMPACT PROPERTIES OF

STEEL MICROSTRUCTURES. (U)
DESCRIPTIVE NOTE: MONOGRAPH SERIES#

MAY 59 21P LUTZEROBERT R. ;
MONITOR: WAL , MS2

AD-618 135
WATERTOWN ARSENAL LABS MASS
PROGRESSIVE STRESS DAMAGE AND STRENGTH OF
CENTRIFUGALLY CAST# COLDWORKED GUN TUBES. (U)

JUN 4Q 64P NEWHALLDONALD He ;KOSTING,
PETER R. I

REPT, NO, WAL-731/281
PROJ: TR3 3003C

AD-b!4 341 19/6
PICATINNY ARSENAL DOVER N J AMMUNITION ENGINEERING
DIRECTORATE
A TEST TO DETERMINE THE CAUSE OF BARREL EROSION IN
THE 40MM M75 LAUNCHER. (U)

DESCRIPTIVE NOTE: TECHNICAL REPT.,
JUN 67 43P DECKERDELBERT B. 0

MONITOR: PA TR-3576

3. 10-46



Afl-802 073 19/6
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUND MD
A SIMPLIFIED METHOD FOR CALCULATING EROSION IN
5UNS, (U)

DESCRIPTIVE NOTE: MEMORANDUM REPT,,
JUlN 51 18P BREITBARTSIDNEY

FPRF. NO. BRL-MR-549
PRQ: ORD-T53-O11OR

AD-802 140 11/2
BALLISTIC RESEARCH LABS ABERDEEN PROVING GROUNn MD
ON EROSION OF HOT PRESSED CERAMIC MATERIALS BY POWDER
GASES. (U)

DESCRIPTIVE NOTE: MEMORANDUM REPT,,
OCT 49 38P BREITBARTSIDNEY S

REPT, NO. BRL-MR-498
PROJ: ORD-TE3-O11OR

AD-9u '3/6 11/9
PICAIINNY ARSENAL DOVER N i PLASTICS AND PACKAGING
LAd
PEASIBILITY uF USING GLASS-REINFORCED PLASTICS IN TH$E

81 MM MORTAR. I. PRELIMINARY MATERIALS
IN.VESTI3ATION AND DETAILED FABRICATION
PPOCEDURES. .(U)

DESCqIPTIVE NOTE: TECHNICAL REPT.,
NOV 6t 35P IGPMERRILL s

PROJ; DA-1CO24401A329
MONITOR: PA TR-3400

AD-804 352L 19/1
DEVELOPMENT AND PROOF SERVICES ABERDEEN PROVING GROUND
MD
PRODUCT IMPROVEMENT TEST OF CARTRIDGEP 4,2-INCHP HE,
M329A1 (MODIFIED WITH STEEL ROTATING DISK), (U)

DESCRIPTI'IE NOTE: FINAL REPT. 13 OCT-7 NOV 66*
DEC 66 50P PARSNIPJOHN T, I

REPT. NO. DPS-2233
PROJ: USATECOM-8-7-3110-08

3.10-47



AD-"7r q3O 11/6 20/11

ARMY VATEPIALS AND MECHANICS RESEARCH CENTER WATERTOWN
MASS
PPOPOSED METHOD OF CORRECTING MAGNETIC RECORDING

hPESCON RESULTS FOP DETF^TOR LIFT-OFF VARIATIONS. (U)

DESCRIPTIVE ýiOTE: TECHNICAL REPT..
MAY oR 2qP F7OWLERoKENNETH A.

REPT. NO. AMMRC-TR-68-09
PROJ: DA-IC024401AI10

An-b95 364 19/6

NAVAL ORDNANCE LAB WHITE OAK MD
THE USE OF AUTOFRETTAGED LOOSE BARREL LINER
CONSTRUCTION FOR HYPERVELOCITY LAUNCHERS, (U)

MAY 63 18P DAWSONV. C. Do. ;SEIGEL,
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(U)

JAN 51 23P JONESR. N. ;BREITBARToS.

REPT. NO. DRL-747
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